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Abstract 
 
The human infant cerebral cortex undergoes substantial development during the 

equivalent of the last trimester of gestation. Here I focus on the maturation of two key 

cortical functions: the somatosensory and the sleep-wake systems. The developmental 

milestones of these two functions were investigated by recording electrical brain activity 

in infants aged between 28 and 43 corrected gestational weeks. 

In Chapter 1 I summarise current knowledge on the developmental neurophysiology of 

the mammalian cortex, and in Chapter 2 I describe my methodology. In Chapter 3 I 

show that contraction of the limb (hand) or respiratory (diaphragm) muscle is 

associated with feedback somatosensory cortical activity, which comprises immature 

fast oscillations that decline towards term age. In Chapter 4 I interrogate the maturation 

of somatosensory functioning further by applying mechanical stimulation to the body 

surface. The complete cortical response to touching the hand and face emerges before 

that following foot stimulation, with a gradual involvement of the ipsilateral hemisphere. 

In Chapter 5 I demonstrate the emergence of state-dependency of spontaneous slow 

cortical oscillations at full-term.  

These data show that immediately prior to normal birth, in parallel with a period of rapid 

structural development of the cortex and its afferents, there is i) a transition in cortical 

somatosensory encoding from rudimentary responses to hierarchical bi-hemispheric 

processing, with a rostro-caudal body gradient, and ii) emergence of sleep-wake state-

dependent cortical functioning. The results provide converging evidence of a switch 

point immediately prior to full-term birth, in which brain circuits are primed for an 

increased and more complex sensorimotor experience that is state-dependent.   
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1.  General Introduction 
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Neurological functioning in adulthood depends upon appropriate developmental 

processes before normal birth. There is rapid maturation of brain structures and 

functions during the equivalent of human gestation, and in animal models of this 

developmental period. 

 

Early structural and electrophysiological brain maturation in neonatal animal 
models 

 

Rats and mice are valuable models of cortical maturation: they are altricial and their 

under-developed state in the first two weeks after birth is considered to equate broadly 

to the third trimester (29-40 weeks) of human gestation (Clancy et al., 2007; Colonnese 

et al., 2010; Semple et al., 2013; Workman et al., 2013).  

 

Across these initial two postnatal weeks, structural brain connections develop rapidly in 

the neonatal rat and mouse brain. Neurogenesis of a transitory population of subplate 

neurons is complete by birth – P0 – while neurogenesis of cortical neurons completes 

within the first postnatal week (Finlay et al., 1998; Workman et al., 2013). During the 

first two postnatal weeks thalamic afferents make synaptic connections with the highly 

responsive subplate neurons, which relay this excitatory input onto layer IV cortical 

neurons (Zhao et al., 2009). Between P6 and P10 these thalamic afferents begin to 

grow directly into layer IV of the cortical plate (Piñon et al., 2009), in parallel with the 

disappearance of most subplate neurons (Price et al., 1997). Alongside thalamic 

afferents, ascending noradrenergic and cholinergic connections, from brainstem sleep-

wake regulation centres and basal forebrain respectively, also begin to enter the 

cortical plate between P4 to P16, beginning with the sensorimotor regions (Colonnese 

et al., 2010; Latsari et al., 2002; Mechawar and Descarries, 2001; Shen and 

Colonnese, 2016; Venkatesan et al., 1996). Finally, during the late neonatal period – 

the third postnatal week - cortico-cortical synaptogenesis increases rapidly, just before 

pups exit the nest (Clancy et al., 2007). 

 

The structural development of these thalamo- and cortico-cortical pathways, and 

subcortical-cortical pathways, is paralleled by the emergence of sensory and sleep-

wake state-specific cortical functions respectively. Below I outline how these functions 

have been mapped in young animals using direct and indirect electrophysiological 

markers. Invasive electroencephalography (EEG, local field potentials) and calcium 

imaging both capture activity from a large population of neurons: local field potentials 

sample high- and low-frequency cortical activity together, while calcium imaging is 
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sensitive to slow cortical transients specifically. Both measures correlate with neuronal 

spiking (Hanganu et al., 2006; Rochefort et al., 2009).  

 

Spindle bursts are the dominant pattern of electrical activity in the cortices of rat and 

mouse pups in the first two weeks of life. These are 100-800 ms transients which 

comprise fast ripples maximally in the alpha-beta (8-20Hz) band, usually nested within 

a slow delta wave which peaks in amplitude during the second postnatal week 

(Minlebaev et al., 2009, 2007; Mohns and Blumberg, 2010; Seelke and Blumberg, 

2010; Shen and Colonnese, 2016). These transients are driven by excitatory 

cholinergic and glutamatergic input to pyramidal neurons (Hanganu et al., 2007, 2006; 

Minlebaev et al., 2009). Once a spindle burst has been initiated, activation of inhibitory 

GABAergic interneurons then spatially confines the burst by inhibiting its occurrence, 

amplitude and duration (Minlebaev et al., 2009, 2007); GABA is inhibitory in vivo from 

P3 (Kirmse et al., 2015; Zilberter, 2016). Fetal brain recordings from sheep – a 

mammal which has a prolonged gestation period similar to humans - demonstrate that 

this bursting activity also occurs in the intra-uterine environment and is comparable to 

that observed in neonatal rodents (Leader et al., 1988): therefore rodent models may 

shed light on how the human fetal brain is maturing. 

 

Towards the end of the second postnatal week in rodents, the extremely low amplitude 

background on which spindle bursts occurred – a pattern termed discontinuous – 

becomes populated by continuous slow activity, partly driven by the ascending 

noradrenergic pathways from the brainstem (Colonnese et al., 2010; Shen and 

Colonnese, 2016). Over this period, spindle bursts decline, and cortical activity 

becomes less synchronised as it matures (Golshani et al., 2009; Rochefort et al., 

2009).  

 

Sensory periphery-evoked cortical activity 
 

Thalamocortical pathways and crude topographic maps of the sensory periphery are 

present from P0 and initially develop by experience-independent mechanisms involving 

genetically regulated molecular guidance cues for structural fibres, and prenatal 

spontaneous patterned neuronal activity (Antón-Bolaños et al., 2019; Cang and 

Feldheim, 2013; Chiaia et al., 1992; Dufour et al., 2003; Khazipov and Luhmann, 2006; 

Molnár et al., 2003; Pfeiffenberger et al., 2005; Price, 2011; Yang et al., 2013).  
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Postnatally, spindle bursts are largely triggered at the sensory periphery in a 

topographically organised fashion, and therefore likely contribute to the refinement of 

these crude topographic maps during early life (Akhmetshina et al., 2016; An et al., 

2014; Colonnese and Khazipov, 2010; Khazipov et al., 2004; Yang et al., 2009).  

 

Spindle bursts in visual cortex are often triggered by retinal waves (Colonnese and 

Khazipov, 2010; Meister et al., 1991; Wong et al., 1993). The patterning of these waves 

contributes to precise cortical mapping in the first week of life with this asynchronous 

retinal input enhancing eye-specific segregation. The disruption of retinal waves results 

in enlarged axonal projection areas but if retinal waves are reinstated then axonal 

projection areas normalise - demonstrating a causal link (Burbridge et al., 2014; Cang 

et al., 2005; Hanganu et al., 2006; Kirkby et al., 2013; Xu et al., 2011; Zhang et al., 

2012). Once visual maps are in place, they are stabilised by experience-dependent 

mechanisms during early postnatal life: experimental deprivation at the sensory 

periphery, e.g. eyelid suture, results in thalamocortical disorganisation and 

deterioration of cortical maps (Crair et al., 1998; Crair and Malenka, 1995; Crocker-

Buque et al., 2015; Fox, 1992; Schlaggar and O Leary, 1991). 

 

Less is known about the auditory system, but spontaneous electrical activity occurs in 

the auditory afferent fibres of rat pups and kittens before hearing onset, which may 

propagate to primary auditory cortex (Jones et al., 2007; Tritsch et al., 2007). Once the 

cortex can respond to sound, long-lasting oscillatory responses are evoked which are 

comparable to spindle bursts (Wess et al., 2017). Excessive auditory experience during 

the neonatal period is disadvantageous however: it results in accelerated cortical 

representation of the tone frequencies experienced, but deteriorated or delayed 

topographic organisation and over-broad receptive fields (Chang and Merzenich, 2003; 

Zhang et al., 2001). Together with the adverse consequences of insufficient sensory 

experience for the visual modality, these findings point to the importance of finely 

calibrated sensory exposure for developing mammals, with either too little or too much 

both being suboptimal (Crair et al., 1998; Crair and Malenka, 1995; Crocker-Buque et 

al., 2015; Fox, 1992; Schlaggar and O Leary, 1991). 

 

In somatosensory cortex spindle bursts are selectively triggered in a somatotopic 

manner by the proprioceptive feedback associated with isolated contractions of limb 

and whisker muscles and tactile stimulation (Inácio et al., 2016; Khazipov et al., 2004; 

Tiriac et al., 2012; Yang et al., 2013). In natural circumstances proprioceptive and 

tactile input co-occur: due to the close proximity of each pup to its littermates their body 
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part brushes against their siblings, and this dual input evokes particularly high levels of 

cortical activity (Akhmetshina et al., 2016). Somatosensory cortex initially responds 

almost exclusively to whiskers and forelimb stimulation, indicating rostro-caudal 

development of somatosensation (McCandlish et al., 1993; Seelke et al., 2012). 

 

During the second postnatal week, peripheral stimulation stops evoking spindle bursts 

and instead triggers mature short-duration cortical transients which are called evoked 

potentials. Peripherally-evoked spindle bursts disappear from P8-9 for somatosensory 

cortex and P11-13 for visual cortex (Colonnese et al., 2010). In auditory cortex, spindle 

burst-like activity declines in ferrets over the period at which hearing emerges, 

equivalent to P11 in rats (Geal-Dor et al., 1993). From this point stimulation at the 

periphery instead evokes topographically organised evoked potentials (Colonnese et 

al., 2010). These potentials are associated with important functional landmarks. The 

emergence of visual-evoked potentials coincides with the onset of patterned vision in 

rats and mature orientation selectivity in behaving ferrets (Colonnese et al., 2010; Krug 

et al., 2001; Ohshiro and Weliky, 2006). Onset and temporal sharpening of 

somatosensory-evoked potentials (SEPs) coincides with the first propagation of evoked 

cortical activity to sensorimotor areas of both hemispheres, and the initiation of 

whisking exploratory behaviours (Bourg et al., 2019; Quairiaux et al., 2011). Therefore, 

overall, correlated electrical activity between the periphery and the cortex during the 

sensitive period of thalamic to cortical in-growth in the first two weeks of life - first 

spindle bursts, and then evoked potentials - underpins the refinement of sensory maps 

and may facilitate higher-order processing.  

 

Background cortical activity and the sleep-wake cycle 
 

Background cortical activity 

 

Spindle bursts in primary sensory cortices are not only evoked at the periphery, 

because deafferentation reduces but does not eliminate their presence. Based on 

these deafferentation experiments, 10-50% of spindle bursts are spontaneous, of which 

99-100% are generated in the thalamus (Akhmetshina et al., 2016; An et al., 2014; 

Colonnese and Khazipov, 2010; Hanganu et al., 2006; Khazipov et al., 2004; Murata 

and Colonnese, 2016; Yang et al., 2009). In visual cortex, these spontaneous cortical 

events have particular characteristics: high neuronal participation and synchronisation 

(Siegel et al., 2012). However, in somatosensory cortex the characteristics of 

spontaneous spindle bursts closely resemble those evoked with peripheral stimulation, 
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other than having a shorter-duration (An et al., 2014; Hanganu et al., 2007; Yang et al., 

2013, 2009). Overall, spontaneous spindle bursts are believed to synchronise 

topographically linked thalamocortical networks (e.g. thalamic barreloid to cortical 

barrel) into functional ensembles, just as peripherally evoked spindle bursts do 

(Mountcastle, 1997; Yang et al., 2013). (Barreloids and barrels are areas of 

somatosensory thalamus and cortex respectively, which correspond to a single 

whisker.) 

 

Spindle bursts also occur beyond primary sensory cortices although at a reduced rate 

(Blanquie et al., 2017). 67% of spindle bursts in somatosensory cortex are 

synchronised with bursting in motor cortex within 100 ms, and by P6 18% of spindle 

bursts are also synchronised between hemispheres (An et al., 2014; Yang et al., 2009). 

Therefore, spindle bursts strengthen cortico-cortical sensorimotor circuits via the 

synchronisation of neuronal activity. Spindle bursts can also take place outside of 

primary cortices, for example in prefrontal cortex, and it is likely that these too function 

to synchronise neuronal ensembles (Janiesch et al., 2011). Spindle bursts beyond 

sensorimotor cortices emerge later (P3), possibly indicating a hierarchical 

developmental profile in which sensorimotor regions are prioritised (Brockmann et al., 

2011; Hanganu et al., 2006; Janiesch et al., 2011; Khazipov et al., 2004; Yang et al., 

2009).  

 

Early cortical activity – within which spindle bursts are the dominant pattern - is 

important for normal brain development. The occurrence of spindle bursts negatively 

correlates with apoptosis indicating that they may contribute to its region-dependent 

regulation, possibly via activity-dependent release of brain-derived neurotrophic factor 

(BDNF) (Blanquie et al., 2017). Further, spindle bursts are necessary for activity-

dependent mechanisms of sensory mapping; experimentally suppressing their 

occurrence prevents patterning of barrel cortex (Ranasinghe et al., 2015; Tolner et al., 

2012). The involvement of spindle bursts in the functional synchronisation of brain 

regions, regulation of apoptosis, and refinement of cortical maps, has led to interest in 

whether their disruption constitutes part of the pathophysiological mechanism of early 

developmental insults. Insults which damage cortical neurons, including alcohol 

exposure and hypoxic-ischemic injury, are associated with suppression of spindle 

bursts (Lebedeva et al., 2017; Ranasinghe et al., 2015).  

 

Background cortical activity across the sleep-wake cycle 
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In adult animals, brain activity is modulated by behavioural sleep-wake state. State-

dependent neural activity plays a crucial role in cortical plasticity and memory 

processing, for example via large-scale coordinated replay of prior awake learning-

related firing patterns within non-rapid eye movement (non-REM) sleep (Abel et al., 

2013; Frank, 2017). Overall, cortical neuronal firing rate is higher during active sleep 

and wakefulness, and lower during periods of neuronal hyperpolarization in quiet sleep, 

which is reflected in the EEG signal (Mirmiran and Corner, 1982). These 

electrophysiological phenotypes are likely to stem partly from the different profile of 

neurotransmitter release across sleep-wake states. Acetylcholine is released widely 

across the cortex during REM sleep, and to a lesser extent in wakefulness, and is 

associated with low voltage fast activity in the adult EEG (Hellman and Abel, 2003). On 

the other hand, monoaminergic modulation (especially noradrenergic and serotonergic) 

drives the awake brain and supresses delta activity in the adult EEG (Hellman and 

Abel, 2003). Therefore, the emergence of sleep-wake state-dependent cortical patterns 

in early development depends upon the gradual entry into the cortex of the tracts which 

release these neurotransmitters (Colonnese et al., 2010; Latsari et al., 2002; Mechawar 

and Descarries, 2001; Shen and Colonnese, 2016; Venkatesan et al., 1996). 

 

Neonatal pups exhibit distinct behavioural states: wakefulness, active sleep (precursor 

to REM sleep), and quiet sleep (precursor to non-REM sleep). Wakefulness is marked 

by continuous nuchal muscle tone, active sleep by frequent phasic nuchal muscle 

activity and observable twitching of limbs and head, and quiet sleep by almost total 

nuchal muscle and behavioural quiescence (Seelke et al., 2005). By P9 rat pups spend 

approximately 15% of their time awake, 55% of their time in active sleep, and 30% of 

their time in quiet sleep (Seelke and Blumberg, 2008).  

 

A state-dependent profile of background cortical activity emerges gradually during the 

first two postnatal weeks. The occurrence of spindle burst activity is the first 

electrophysiological index to be associated with behavioural sleep-wake state, with a 

region-dependent profile. Spindle bursts in somatomotor cortex occur in all sleep-wake 

states but most frequently during active sleep from P5-7 and during quiet sleep 

between P9 and P13 (Seelke and Blumberg, 2010, 2008). On the other hand cortical 

bursts in temporal cortex occur almost exclusively during quiet sleep at P3-4 

(Adelsberger et al., 2005). In visual cortex spindle bursts occur maximally during sleep 

vs. wakefulness between P9 and P12 (Mukherjee et al., 2017), although this is not 

reported in every study (Colonnese et al., 2010). 
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Cortical activity modulation becomes fully in line with behavioural sleep-wake state 

during the second postnatal week, in parallel with the decline of spindle bursts and the 

emergence of continuous activity, which is first seen during active states (Colonnese et 

al., 2010; Gramsbergen, 1976; Jouvet-Mounier et al., 1969; Seelke and Blumberg, 

2008). From P14, mature continuous cortical activity is of greater amplitude during 

quiet sleep compared to active sleep, especially at the slower end of the frequency 

spectrum (Seelke et al., 2005).  

 

Taking together the evidence from neonatal animal models, the structural maturation of 

i) thalamo- and cortico-cortical pathways coincides with the development of sensory 

cortical functions, and ii) subcortical-cortical circuits occurs in parallel with the onset of 

sleep-wake state-specific cortical functioning. 

 

Early structural and electrophysiological brain maturation in neonatal humans  
 

The structural connections of the human brain develop rapidly across the third trimester 

of gestation (Fig 1-1). Neurogenesis completes at approximately 28 weeks gestation 

(Malik et al., 2013), and cortical plate neurons migrate across a transitory layer of 

subplate neurons to form the layers of the cortex (Corbett-Detig et al., 2010). From 24 

weeks gestation, thalamic afferents make synaptic connections - first with the subplate, 

before growing into layer IV of the cortical plate (Volpe 2009). Over broadly the same 

period, between 22-30 weeks gestation, ascending noradrenergic and cholinergic 

connections from brainstem sleep-wake regulation centres and basal forebrain 

respectively, begin to enter the cortical plate (Kostović, 1986; Kostović et al., 2002; Levitt, 

2003; Olson et al., 1973). Cortico-cortical connections increase rapidly from 28 weeks 

gestation (Flower 1985; Burkhalter, Bernardo, and Charles 1993) and inter-hemispheric 

callosal fibres enter into the cortex from 33 weeks gestation (Volpe, 2009). Full 

maturation of inhibitory connections is not in place though until full-term or the first few 

postnatal months owing to late migration of some of the cells fated to be inhibitory 

interneurons, especially in frontal cortex (Paredes et al., 2016). Sensory cortices mature 

earlier than association cortices, indicating a hierarchical developmental profile, 

according to post-mortem anatomical data (Kostovic and Rakic, 1990; Paredes et al., 

2016; Petanjek et al., 2011). In line with this, it is the structure of these primary sensory 

cortices which is sensitive to early experience over the third trimester of gestation: 

auditory sensory experience is associated with larger auditory cortices (Webb et al., 

2015). 
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Figure 1-1: Gross anatomy of early brain development through gestation 

T1-weighted (panel a) and T2-weighted MR images (panel b) from 28, 30, 32, 34, 36, 38, 40, 42 

and 44 weeks corrected gestational age (Serag et al., 2012). Please see Figs 1-3 and 1-4 for 

further structural images in which the subplate is highlighted, and the images are presented in 

association with age-matched EEG images.  

 

 

As in animal models, in humans the structural development of thalamo- and cortico-

cortical pathways, and subcortical-cortical pathways, may underpin the emergence of 

sensory and sleep-wake state-specific cortical functions respectively. The maturation of 

functional networks during the equivalent of the third trimester of human gestation can 

be tracked by non-invasively recording brain activity - for example with scalp EEG - from 

infants born early during this final trimester (29-40 weeks). The voltage field distribution 

of scalp EEG recordings - termed its topography – can shed light on the regional 

organisation of these functional networks. 

 

The dominant patterns of electrical activity in pre-term infants are comparable to spindle 

bursts in their frequency content: neural bursts of alpha-beta oscillations over-riding a 

slow delta wave (sometimes termed delta brushes) (Fig 1-2). These also resemble 

spindle bursts in their ability to be evoked by sensory stimuli, and their developmental 
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profile (although spindle bursts increase in amplitude with age while the analogous bursts 

in humans decline in amplitude) (D’Allest and André, 2010; Seelke and Blumberg, 2010; 

Shen and Colonnese, 2016). Further, the decline of these neural bursts in pre-term 

human infants is associated in age-matched fetal brain tissue with the up-regulation of a 

crucial molecule for the generation of inhibitory GABAergic currents (Vanhatalo et al., 

2005), in line with animal models which note that GABA constrains spindle burst activity 

(Minlebaev et al., 2009, 2007). Finally, the low amplitude intervals between bursts of 

cortical activity – also termed discontinuous – gradually becomes populated by 

continuous neural activity, as in pups (André et al., 2010). 

 

 

 
Figure 1-2: Power spectral density of neural bursts in human infants 

Data from 28 infants who had posterior temporal neural bursts. Upper panel: Each coloured line 

represents the power spectral density between DC-40Hz at one EEG electrode (see key at far 

right). Note the localised peak in power spectral density of alpha-beta (8-20Hz) activity at the 

posterior-temporal electrodes (right: P8, TP10; left: P7, TP9). Middle and lower panels: Mean 

topographical distribution of power spectral density of delta (DC-2Hz) and alpha-beta (8-20Hz) 

activity. Note the localised topographical distribution of power spectral density of alpha-beta 

activity at the posterior temporal region. Power spectral density positively scales with colour 

warmth (yellow to orange). 
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Sensory periphery-evoked cortical activity 
 

Thalamocortical pathways are already functional in pre-term infants from 28-33 weeks 

corrected gestational age (CGA), as direct stimulation of the periphery evokes neural 

bursts of topographies that coarsely relate to stimulus modality. Visual stimuli elicit 

occipital bursts (Colonnese et al., 2010), auditory stimuli evoke mid-temporal bursts 

(Chipaux et al., 2013; Kaminska et al., 2017), and tactile stimuli, and proprioceptive 

feedback following limb muscle contraction, both evoke central bursts (Milh et al., 2007; 

Vanhatalo et al., 2009) (Fig 1-3). Although cortical bursts evoked by either visual, 

auditory, or tactile stimuli decline from approximately 34-35 weeks CGA (Colonnese et 

al., 2010; Fabrizi et al., 2011; Kaminska et al., 2017), the developmental trajectory of 

limb muscle contraction-evoked bursting activity is unknown. Further, it is unknown 

whether proprioceptive feedback associated with contraction of other (non-limb) muscle 

groups also evokes a somatosensory cortical response in human infants, such as for 

whisker muscles in animal models (Tiriac et al., 2012). Modelling movement-related 

cortical activity is important because during foetal development it is this input which 

supports the somatosensory system to mature. In the first results chapter of my thesis 
I test the hypothesis that reafferent feedback following contraction of diverse 
muscle groups will evoke somatosensory activity in pre-term human infants, 
which will decline towards full-term age. 
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Figure 1-3: Somatosensory-evoked neural bursts in an infant 32+5 weeks corrected gestational 

age in active sleep 

Elicited neural bursts seen at the midline (Cz, CPz) following tactile stimulation of the right foot 

(a) and predominantly at the contralateral central electrodes (C4, CP4) following tactile stimulation 

of the left hand (b). Both traces: Fz reference montage. DC-70 Hz bandpass; 50Hz notch filter. 

Lower panel shows the typical structural development of the brain at this developmental time point 

(T2-weighted MR images from an infant 32+2 weeks corrected gestational age). The subplate 

can be clearly seen as an area of high signal intensity on the temporal poles bilaterally (red 

arrows). These MR images are sourced from my co-authored paper #2 which can be found in 

Appendix B. 

 

 

Shortly before full-term, when birth initiates a shift from largely movement-related 

somatosensory input to an expansion in passive tactile input (such as parental touch), 

peripheral stimulation is more likely to evoke mature short-duration cortical potentials 

(Fabrizi et al., 2011). In adult humans, these potentials have been linked to different 

levels of the sequential processing hierarchy of somatosensory information (Allison et 

al., 1992; Frot and Mauguière, 1999; Hoechstetter et al., 2001; Kitazawa, 2002; Libet et 

al., 1967). In neonatal humans, it is unknown whether the emergence of these potentials 
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follows a hierarchical framework, or a rostro-caudal sequence as in animal models 

(McCandlish et al., 1993; Seelke et al., 2012). In the second results chapter of my 
thesis I test the hypothesis that hierarchical somatosensory processing will 
emerge towards full-term age with a rostro-caudal profile. 
 

Background cortical activity and the sleep-wake cycle 
 

Background cortical activity 

 

Neural bursts also occur spontaneously, independent of sensory stimulation (Figs 1-2 

and 1-4). These spontaneous bursts are seen from 28 weeks CGA, peak at 32-35 weeks 

CGA, and disappear at full-term (André et al., 2010; Boylan, 2007; Boylan et al., 2008; 

D’Allest and André, 2010, 2010; Hahn and Tharp, 2005; Hartley et al., 2012; Koszer et 

al., 2006; Lamblin et al., 1999; Vecchierini et al., 2007). Spontaneous neural bursts are 

diffuse (Lamblin et al., 1999) or prominent centrally between 29-34 weeks CGA (Boylan, 

2007; Volpe, 2005; Watanabe and Iwase, 1972), involving also temporal-occipital 

regions from 30-34 weeks CGA (André et al., 2010; D’Allest and André, 2010; Hahn and 

Tharp, 2005; Tolonen et al., 2007) (Figs 1-1 and 1-3). Bursts in the frontal regions are 

the least common (Milh et al., 2007; Watanabe and Iwase, 1972), but occasionally occur 

up until 36 weeks CGA (Watanabe and Iwase, 1972) (Fig 1-5a).  
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Figure 1-4: Spontaneous neural bursts: commonly occurring topographies 

a: Right central (C4) and posterior-temporal (P8) neural bursts in an infant 29+6 weeks 

corrected gestational age in quiet sleep. b: Bilateral posterior-temporal (P8, P7) neural burst in 

an infant 34+6 weeks corrected gestational age in active sleep. Both traces: bipolar montage. 

0.1-70Hz bandpass; 50Hz notch filter. Note the lower amplitude of the spontaneous neural 

bursts in the older infant (approximately 100-200μV) when compared to the neural bursts in 

younger infants in panel a of this figure and Fig 1-2 (up to 400-500μV). This decline in neural 

bursting occurs in parallel with structural changes. Lower panel shows the typical structural 

development of the brain at the developmental time point of the EEG shown in panel b (T2-

weighted MR images from an infant 35+2 weeks corrected gestational age). The subplate can 

be clearly seen as an area of high signal intensity on the temporal poles bilaterally (red arrows), 

but note its decline in prominence compared to Fig 1-3. These MR images are sourced from my 

co-authored paper #2 which can be found in Appendix B. 
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Diminished occurrence of neural bursting activity in pre-term infants, or continuation of 

bursting activity beyond the age of typical disappearance (dysmaturity), are both 

associated with brain insults and adverse neurological outcome (André et al., 2010; 

Conde et al., 2005; Hayakawa et al., 1997; Holmes and Lombroso, 1993; Kidokoro et 

al., 2006; Lombroso, 1985; Okumura et al., 2002; Tich et al., 2007; Watanabe et al., 

1999) (Table 1). For example, similar to animal models, in neonates with hypoxic-

ischemic injury the EEG may briefly lose normal bursting dynamics (Roberts et al., 2014) 

or be dysmature with burst rate peaking at a later age compared to controls (Ranasinghe 

et al., 2015) (although transient dysmaturity can be followed by normal outcome (Holmes 

et al., 1982) (Fig 1-5b)).  

 
 

Table 1: Neural burst abnormalities and their significance 

Neural burst abnormality  

+ add-on features 

Possible significance of neural burst 

abnormality 

significance of add-on features 

Absence or attenuation of alpha-beta 

frequencies 

Unclear clinical significance 

Acute-stage abnormality 

+ loss of theta frequencies poorer prognosis 

  

Incidence of neural bursts ≥2 weeks 

immature for CGA 

Unclear clinical significance 

Chronic-stage dysmature abnormality: most 

associated with cognitive impairment 

+ follows >3 weeks acute EEG depression poorer prognosis 

+ >4 weeks dysmature poorer prognosis 

+ presence of seizures not predictive of poor outcome 

+ <37 weeks CGA interpret with caution, especially if <29 weeks 

  

Deformed neural bursts Unclear clinical significance 

Chronic-stage disorganised abnormality: most 

associated with white matter damage 

+ >4 weeks postnatal age poorer prognosis 

+ pronounced anterior spread associated with higher PVL grade 

+ temporal sawtooth waves or neural bursts 

past the age at which they are expected 

strengthens clinical suspicion of abnormal 

maturational process 

  

Reduced amplitude alpha-beta compared 

to normal values 

Effect of prematurity, especially if born <29 

weeks; unclear clinical significance 

CGA = corrected gestational age; PVL = periventricular leukomalacia 
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Figure 1-5: Spontaneous neural bursts with a) frontal topography and b) excessive occurrence 

for corrected gestational age 

a) Frontal (F3) neural burst in an infant 34+5 weeks corrected gestational age in active sleep. b) 

Dysmature EEG with profuse neural bursts in an infant 37+3 weeks corrected gestational age; 

note the similarity to the EEG shown in a) which is from an infant three weeks younger. Infant has 

an intracerebral haemorrhage and right central seizures and has not yet established sleep cycling. 

No neuroactive medications had yet been administered (postnatal day 1). At day 10, dysmaturity 

was still present. The neonate had a normal outcome at 2 years of age. Both images: Bipolar 

montage. 70Hz low pass filter; 50Hz notch filter. 

 

 

Background cortical activity across the sleep-wake cycle 

 

Behavioural sleep-wake cycling emerges during the final trimester of gestation. In adults, 

life is usually dominated by a sleep-wake cycle consisting of a long period of wakefulness 

during daylight hours, and a consolidated period of sleep during night-time. This sleep-

wake organisation is built upon the rudimentary rest-activity behavioural cycle 

established during the foetal period, during which activity states include stereotyped 

movement patterns like hiccups and limb movements. Postnatally this rest-activity cycle 

continues with the same proportion of quiet vs. active states although with more frequent 

transitions (Groome et al., 1997), and continuation of active state movement patterns 

including hiccups and limb movements (Brouillette et al., 1980; Pillai and James, 1990; 

Wagner, 1939). The behavioural state identified as active during the foetal period can be 

now sub-divided into wakefulness with eyes open and sustained limb movements, and 

active sleep with eyes closed and isolated movements. The third state of newborn life is 

quiet sleep with eyes closed and behavioural quiescence (Grigg-Damberger, 2016).  
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In adults sleep-wake states are associated with different cortical patterns, which may 

subserve distinct brain functions (Davis et al., 2016; Larson-Prior et al., 2009; Nishida et 

al., 2004; Tinguely et al., 2006). Sleep state-dependent cortical activity emerges during 

the pre-term period. Sleep state first relates to the occurrence of neural bursts, which are 

maximal during active sleep until 34 weeks CGA, and then switch to being maximal 

during quiet sleep (André et al., 2010; D’Allest and André, 2010; Goldie et al., 1971; 

Koszer et al., 2006; Lombroso, 1979; Palmu et al., 2013; Scher, 2006; Statz et al., 1982; 

Tharp et al., 1981; Watanabe et al., 1972).  

 

The continuity of cortical activity becomes fully in line with behavioural patterns from 34 

weeks, as inter-burst background activity begins to differ between active and quiet sleep. 

Before 31 weeks CGA, all behavioural states are associated with a discontinuous EEG, 

in which the EEG is of extremely low amplitude between bursts (“tracé discontinu”, e.g. 

Fig 1-4a). Continuity results from this inter-burst background increasing in amplitude and 

beginning to comprise continuous multi-frequency activity, in parallel with the 

disappearance of neural bursts (André et al., 2010) (e.g. Fig 2-3b). From 31-34 weeks 

CGA, the inter-burst background EEG becomes continuous in active sleep, but not until 

37 weeks for quiet sleep (Curzi-Dascalova et al., 1993; Graven, 2006; Parmelee et al., 

1967). Age-appropriate organisation of cortical activity by sleep-wake state is important: 

fluctuating amplitudes across the sleep-wake cycle and limited time spent in quiet sleep 

predicts favourable neurodevelopmental outcome in pre-term and full-term infants 

(Hellström-Westas et al., 1991; Shellhaas et al., 2017; Wikström et al., 2012).  

 

There remain many unanswered questions about the emergence of sleep-wake state 

specific cortical patterns. Firstly, cortical activity during wakefulness has been little-

studied in neonates (Apkarian et al., 1991; Lehtonen et al., 2016; Meyer-Lindenberg, 

1996; Watanabe and Iwase, 1972; Willekens et al., 1984). This limits understanding of 

vigilance state architecture, because brain functions during sleep cannot be separated 

from their counterparts during wakefulness: information initially processed during high 

alertness (wakefulness) is consolidated during sleep (Lindemann et al., 2016). Secondly, 

structural brain development is region-specific and the maturation of sleep-wake state-

specific cortical patterns has a regional profile in neonatal animal models and human 

children, but it is unknown whether this holds true in infants (Adelsberger et al., 2005; 

Feinberg et al., 2011; Mukherjee et al., 2017; Seelke and Blumberg, 2010, 2008). In the 
third results chapter of my thesis I test the hypothesis, for sleep and wakefulness, 
that the emergence of state-specific cortical patterns will follow a regional 
gradient. 
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Thesis aims 
 

Taken together, the animal and human literature indicates that sensory-evoked and 

state-dependent spontaneous brain activity are of crucial importance for the developing 

brain. Building upon the structural maturation of thalamo- and cortico-cortical pathways 

and subcortical-cortical pathways, early neural activity strengthens functional sensory 

and sleep-wake circuits. This is highlighted by the correlation between age-appropriate 

activity patterns and normal development of thalamo-cortical architecture (animals) or 

favourable neurodevelopmental outcome (humans). Despite the importance of early 

neural activity, there remain many open questions.   

 

First, there is insufficient basic knowledge of somatosensory processing in the 

developing human cortex. In the first part of my thesis, I address this by recording 

somatosensory cortical activity evoked by specific movements, and by external tactile 

stimulation, at different developmental ages.     

 

• Aim 1: To map the development of somatosensory activity generated by 

contraction of limb or respiratory muscles (reafferent feedback input) in pre-term 

and full-term infants 

o The specific hypothesis tested is that contraction of both muscle types 

would evoke a cortical response in pre-term infants, which would 

attenuate with age as functional thalamo-cortical pathways are fully 

established 

 

• Aim 2: To map the development of somatosensory activity evoked by a 

mechanical tactile stimulus applied to the body surface in pre-term and full-term 

infants 

o The specific hypothesis tested is that hierarchical bi-hemispheric 

somatosensory processing will emerge with age with a rostro-caudal 

gradient, as reflected in the emergence of specific SEPs, as functional 

thalamo-cortical pathways are fully established, and cortico-cortical 

connections proliferate 

 

In the second part of my thesis, I address the limited understanding of the development 

of wake- and sleep-related resting-state cortical oscillations across the human brain: 

 



32 

 

• Aim 3: To investigate the developmental profiles of regional cortical activity and 

their dependence on sleep-wake state in pre-term and full-term infants 

o The specific hypothesis tested was that sleep-wake state-dependent 

cortical activity would emerge with age with different profiles according 

to brain region, in line with the regional differences in structural brain 

maturation 
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2.  Methods 
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Recruitment and demographics of subjects 
 

Infants eligible for study had corrected gestational age (CGA) of ≥28 weeks, because 

prior to this point most infants are clinically unstable. CGA (also referred to as 

postmenstrual age) is the gestational age (GA) at birth plus the number of days since 

birth (postnatal age, PNA) (Engle, 2004). GA at birth is the number of weeks from the 

first day of the mother’s last menstrual cycle, confirmed by ultrasound examination in 

early pregnancy. For example, an infant born at 35 weeks+2 days, who is 3 days old, is 

CGA 35 weeks+5 days. Term is defined as ≥37 weeks CGA, with the average 

gestation at birth being 39-40 weeks (Spong, 2013; World Health Organisation, 2016). 

Degree of prematurity can be graded: very pre-term is <32 weeks, while moderately 

and late pre-term is ≥32 weeks but <37 weeks (World Health Organisation, 2016). 

 

All subjects were recruited from the neonatal unit (infants cared for by nursing and 

medical staff) and postnatal ward (infants cared for by parents) at the Elizabeth Garrett 

Anderson wing of University College London Hospitals between July 2015 and March 

2019 (Appendix A lists all recruited subjects, and whose cortical neurophysiology was 

studied in each analysis section). Ethical approval was obtained from the NHS Health 

Research Authority and informed written parental consent was obtained prior to each 

study. Separate informed written parental consent was obtained to publish photographs 

of infants. Each study complied with the Code of Ethics of the World Medical 

Association (Declaration of Helsinki).  

 

I recruited infants in approximately two thirds of cases (remainder done by research 

nurse Maria Pureza Laudiano-Dray). I performed a census of our recruitment success 

rate on the neonatal unit using representative data from 1 March - 22 November 2016. 

Of 104 infants approached, 45/104 (43%) consented. Consent was less likely for 

infants with higher GA (binary logistic regression: p = .003; Exp(B) consent = .874 per 

week of GA) and higher birth weight (binary logistic regression: p = .013; Exp(B) 

consent = .999 per gram of birth weight), likely reflecting the briefer hospital stay 

required for these healthier infants, as many parents who consent require a few days to 

make their decision.  

 

Recruited infants did not have a diagnosis of birth asphyxia, seizures, periventricular 

leukomalacia, or diagnosed chromosomal abnormality, and were not acutely unwell. 

Infants who required mechanical ventilation were ineligible due to difficulty in accessing 

EEG electrode placement sites, but infants who required a low to moderate degree of 
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respiratory support (High flow oxygen or Continuous Positive Airway Pressure) were 

included. No infants were receiving sedatives or analgesics at time of study. Cranial 

ultrasound scans were reported as normal when subjects were referred for one and 

infants did not have extensive germinal matrix-intraventricular haemorrhage (GM-IVH) 

(grade III with ventricular dilatation, or with secondary intraparenchymal lesion (IPL)) 

unless otherwise stated (Table 5 in 3.3.1).  

 

The study of neurologically normal pre-term infants, without brain lesions, is a widely 

used method to model late foetal development. The validity of this approach is 

supported by movement patterns being broadly continuous from intra- to extra-uterine 

life, and the occurrence, amplitude and latency of SEPs being unaffected by the 

proportion of life spent extra-uterine (e.g. a pre-term born infant grown to full-term vs. a 

full-term born infant) (Gallai et al., 1986; Klimach and Cooke, 1988; Pierrat et al., 1990; 

Pike et al., 1997; Slater et al., 2010; Tombini et al., 2009; de Vries and Fong, 2006), 

although there is a single report that birth prior to 30 weeks gestation may be 

associated with slightly longer latency responses (Smit et al., 2000).  

 

Pre-determining the sample size of infants required for each experiment was not 

possible but was inferred from previous studies in the same age range. Such studies 

required 6-10 subjects to characterise sensory-evoked cortical activity when ages were 

pooled and 16-46 subjects to characterise various developmental trajectories (Fabrizi 

et al., 2011; Kaminska et al., 2017; Koolen et al., 2016; Losito et al., 2017; Tolonen et 

al., 2007; Vanhatalo et al., 2009). 

 

Basis of the scalp EEG signal 
 
The EEG signal reflects the summation of transmembrane currents associated with the 

excitatory and inhibitory dendritic synapses onto large populations of pyramidal 

neurons (Lopes da Silva, 2013; Steriade et al., 1993). When an axon synapsing onto 

the dendrite of a pyramidal cell fires, its presynaptic terminal releases, for example, 

glutamate which opens the cation channels of the postsynaptic pyramidal cell’s 

dendrites. Positive ions flow into the dendrite, leaving a slight negativity in the 

extracellular fluid. These shifting dendritic currents cause small electric fields which 

vary across the brain, resulting in voltage differences between two EEG recording sites 

(i.e. an active and a reference site) which can be plotted, and used to generate scalp 

topography maps. When the active site is negative compared to the reference site, 

these negative amplitudes are plotted upwards by convention.  
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Scalp EEG recording protocol 
 

I applied disposable Ag/AgCl cup recording electrodes overlying frontal (F4, F3, F8, 

F7), central (C4, Cz, C3), central-parietal (CP4, CPz, CP3), mid-temporal (T8, T7), 

posterior-temporal (P8, P7, TP10, TP9) and occipital cortex (O2, O1), positioned 

according to the modified international 10/10 electrode placement system (Fig 2-1). 

This protocol included higher density central and posterior-temporal coverage to 

improve spatial coverage where somatosensory-evoked and spontaneous neural 

activity, respectively, is prominent in pre-term infants (Fabrizi et al., 2011; Hrbek et al., 

1969; Watanabe and Iwase, 1972). The frontal electrodes F7 and F8 are placed 

laterally to the eyes and capture rapid eye movements during active sleep which 

facilitates sleep-wake staging, as well as capturing cortical activity. In neonatal 

recordings, it is standard practice to omit placement of pre-frontal electrodes (FP2 and 

FP1) owing to the limited development of pre-frontal cortex at this age (Henry, 1980); 

also – for non-essential research recordings – parents are intolerant of any reddening 

or marks on the infant’s face (forehead), even if transient. A reduced number of 

electrodes were applied if the infant became unsettled during set-up. The reference 

electrode was placed at Fz (Pike et al., 1997; Tombini et al., 2009; Trollmann et al., 

2010; Vanhatalo et al., 2009) and the ground electrode was placed at FC5/6. Target 

impedance was <10 kΩ. A single lead I ECG was recorded from both shoulders. 

Respiratory movement was monitored with a thoracic transducer. All infants were 

offered individualised, developmentally appropriate comfort measures during EEG 

application as and when required (e.g. swaddling if they became unsettled). EEG 

activity from DC-800Hz was recorded using the Neuroscan (Scan 4.3) SynAmps2 

EEG/EP recording system. Signals were digitized with a sampling rate of 2 kHz and a 

resolution of 24 bit. 

 

 
Figure 2-1: Recording electrodes applied 

Ref = reference electrode. 
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Recording protocol does not cause stress to infants 
 

As described above, I adopted an 18-channel recording protocol for optimal spatial 

sampling. Nevertheless, 18-channel EEG application involves a relatively high level of 

handling and could be a potential stressor, especially in those infants who are already 

exhibiting higher stress levels. Salivary cortisol reflects activity of the hypothalamic 

pituitary axis: increased cortisol concentration indicates increased stress; for example, 

levels rise when hospitalised infants undergo a neurological examination (Mörelius et 

al., 2016). To assess the impact of EEG set-up on systemic stress levels, I compared 

salivary cortisol immediately before EEG application, and approximately 15 minutes 

after the completion of EEG application (median time between swabs: 46 minutes), 

based on the latency and duration of stressor-induced changes in cortisol 

concentration in infants (Ramsay and Lewis, 2003).  

 

Subjects included 33 infants with CGA 32+3 - 47+6 weeks+days (median 37+5), and 

PNA 0.5-95 days (median 5 days). EEG application occurred between 09:00 and 

17:30. The median number of electrodes applied was 18/18, in addition to the ground 

and reference, ECG electrodes, and respiratory monitor. To collect salivary cortisol 

levels in conjunction with EEG recordings was originally conceived by Professor Maria 

Fitzgerald. Saliva samples were collected pre- and post-EEG application by Maria 

Pureza Laudiano-Dray using a cotton swab. Cortisol analysis protocols were designed 

by Dr Laura Jones, who sent saliva samples to the Salimetrics lab for processing. I 

compared cortisol concentration pre- and post-EEG application with paired Wilcoxon 

tests. Unpaired variables were compared with Mann-Whitney or chi-squared tests. 

Statistical significance was set at 0.05. 

 

Median cortisol concentration pre-EEG application was 0.27 mg/dL (range 0.09–2.91), 

and post-EEG application was 0.37 mg/dL (range 0.03–1.74), values similar to those 

found in previous neonatal studies (Mörelius et al., 2016). There was no difference 

between cortisol concentration pre- and post-EEG application across the 33 infants (p 

= .201). In particular, this was also the case for vulnerable sub-groups (CGA: pre-term 

(<37 weeks), n = 13; ward location: neonatal unit, n = 14) (p ≥ 0.432). Next, I 

investigated whether baseline stress level influenced the effect of EEG application by 

splitting infants into those with higher baseline (pre-EEG) cortisol concentration (˃0.25 

mg/dL, n = 17) and lower baseline (pre-EEG) cortisol concentration (<0.25 mg/dL, n = 

16). Infants with a higher baseline cortisol value had a higher CGA than infants with a 

lower baseline cortisol value (p = .017), while there was no difference in sex distribution 
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(p = .881), ward location (neonatal unit vs. postnatal ward, p = .881), or mode of 

delivery (vaginal vs. caesarean section, p = .866). EEG application was associated with 

a decrease in cortisol concentration in infants who had a higher concentration at 

baseline (p = .023; median 0.31 mg/dL decrease, which is a median 41% decrease 

from the baseline value), and no change in infants who had a lower cortisol 

concentration at baseline (p = .120) (Fig 2-2).  

 

 

 
Figure 2-2: EEG application is not associated with an increase in cortisol concentration 

Cortisol concentration before and after application of EEG electrodes in infants with a lower (left 

panel), and higher (right panel) stress level at baseline. Each line represents one infant. 

 

 

Stress in hospitalised neonates is associated with adverse clinical signs, e.g. increased 

nociceptive cortical response following a necessary heel lance (Jones et al., 2017). 

Consequently, it is important to assess the impact of non-clinically required 

interventions, like research EEG application, on systemic stress levels. While non-

invasive stressors of similar duration to EEG application (neurological and eye 

examinations) cause an increase in salivary cortisol (Kleberg et al., 2008; Magnano et 

al., 1992; Mörelius et al., 2016), here I showed that EEG application, alongside 
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appropriate comfort measures, does not. Therefore, my findings are reassuring and 

support my clinical impression (based on behavioural observation, and review of heart 

rate and pulse oximetry acquired by cot-side monitors where available) that EEG 

application can be well tolerated by both pre-term and full-term infants. 

 

Assessment and sleep-wake staging of recordings 
 

I recorded EEG for approximately 70-90 minutes, in line with recommended best 

practice (Shellhaas et al., 2011). I assessed EEG recordings as normal for CGA 

according to standard criteria, and included consideration of continuity, defined as 

uninterrupted electrical activity with <2 seconds of voltage attenuation <25 μV (André et 

al., 2010; Grigg-Damberger, 2016; Tsuchida et al., 2013), and developmental features 

included frequent neural bursts in the pre-term infants and continuous multi-frequency 

activity in the late full-term infants (Fig 2-3).  

 

 
Figure 2-3: Resting EEG in quiet sleep in pre-term and full-term infants 

Resting EEG during quiet sleep in infants of (a) CGA 35+0 and (b) CGA 42+5 weeks. Note the 

increased continuity of the EEG in the older infant. Data are displayed referred to Fz and low-

pass filtered at 70 Hz. 

 

 

I sleep-wake staged all recordings using EEG, respiratory and behavioural criteria 

(Grigg-Damberger, 2016; Tsuchida et al., 2013) (see Table 2 for summary of criteria 

used and Fig 2-4 for illustrative examples). In sleep-wake staged recordings, 

assessment of normality encompassed presence of appropriate sleep architecture 

including active sleep onset, and transition of slow wave to tracé alternant EEG pattern 

during quiet sleep (André et al., 2010; Grigg-Damberger, 2016) (Fig 2-4).  
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Table 2: Criteria used to define sleep-wake state 

Sleep-wake state Respiration Behaviour EEG 
Wakefulness Irregular Continuous or almost 

continuous wide-

open eyes; sustained 

elevated muscle 

tone; spontaneous 

limb and mouth 

movements  

Continuous, low to 

medium voltage 

Active sleep Markedly irregular: 

differences in rate 

and depth of 

ventilation, brief 

periods of relatively 

decreased / 

increased respiratory 

rate 

Eyes closed; rapid 

eye movements; 

sucking; facial 

grimaces; jaw jerks; 

limb twitches; chin, 

body and limb 

tremors; intermittent 

stretching 

Continuous, mainly 

low to medium 

voltage 

Quiet sleep: slow- 

wave pattern 

 

Regular 

 

Eyes closed; scant 

body movements 

except for 

generalized 

myoclonic “startles” 

Nonstop high-voltage 

Quiet sleep: tracé 

alternant pattern 

Alternating: high 

voltage bursts 

alternate with lower 

amplitude periods 

Indeterminate sleep Eyes closed, but respiratory, behavioural and EEG features are 

discordant and do not permit definite assignment to a sleep state 

EMG = electromyograph 
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Figure 2-4: Resting EEG in wakefulness, active sleep, and quiet sleep in the same infant 

Examples of Wakefulness, Active sleep, Quiet sleep: slow wave pattern, and Quiet sleep: tracé 

alternant pattern in the same infant 42+6 weeks corrected gestational age. EEG display-filtered: 

0.2-20Hz. EOG = electrooculograph; ECG = electrocardiograph; Resp = respiratory movement. 

 

 

Defining neural burst occurrence 
 

Neural bursts often comprise co-occurring delta and alpha-beta oscillations, but have 

been differently defined across the literature. When investigating sensory-evoked cortical 

activity (3.3.3), one can compare the power of delta and alpha-beta oscillations post-

sensory event, relative to the baseline period. This avoids having to use arbitrary criteria 

to define what magnitude of delta and alpha-beta oscillations comprise a burst. 

 

However, when defining spontaneous bursts which are not time-locked to an event 

(3.5.4), such an approach is not applicable. Therefore, before marking burst occurrence, 

I reviewed the literature on how spontaneous bursts of alpha-beta and delta oscillations 

have been previously defined.  
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The  underlying slow activity is up to 2Hz with a lower threshold variously stated as 0.3Hz 

(André et al., 2010; Noachtar et al., 1999; Scher, 2006; Volpe, 2005), 0.5Hz (D’Allest 

and André, 2010; Hartley et al., 2012) or 0.8Hz (Tharp et al., 1981). The duration of burst 

activity is from 0.5 seconds to an upper limit of between 1.5 seconds (Conde et al., 2005) 

and 5 seconds from 31 weeks CGA (Radvanyi-Bouvet et al., 1987). The amplitude of the 

delta wave ranges from 50μV to an upper limit of 250-300μV (André et al., 2010; Lamblin 

et al., 1999; Tsuchida et al., 2013).  

 

The over-riding fast activity is usually on a steeply ascending slope (Tolonen et al. 2007; 

Watanabe, Hayakawa, and Okumura 1999; Conde et al. 2005) and has been 

heterogeneously quantified as 8-20Hz (Tharp, Cukier, and Monod 1981; Biagioni et al. 

1994), 8-22Hz (Hartley et al., 2012; Lombroso, 1979), 8-25Hz (Milh et al., 2007), 10-

20Hz (Boylan, 2007; Scher, 2006), 14-24Hz (Goldie et al., 1971), 18-22Hz (Koszer et 

al., 2006; Volpe, 2005), > 8Hz (André et al., 2010; Lamblin et al., 1999) or as ‘alpha-beta’ 

which implies 8-30Hz (Hellström-Westas and Rosén, 2010). The standardised neonatal 

EEG terminology of the American Clinical Neurophysiology Society (Tsuchida et al., 

2013) defines the over-riding fast activity as being 8-12Hz or 18-22Hz, but references 

Lamblin’s (1999) French language paper, which only specifies that the superimposed 

fast activity is > 8Hz. Spectral decomposition of neonatal EEG bursts reveals a rapid fall-

off in power above 24Hz (Myers et al., 2012) suggesting that frequencies above 24Hz 

are not present to a significant extent, although minimal gamma-range frequencies are 

possible (Milh et al., 2007). The amplitude of the superimposed fast activity is at least 

10-20µV (Cesare T Lombroso 1979; Conde et al. 2005) reaching up to 60µV (André et 

al., 2010; Lamblin et al., 1999) or occasionally 100µV (Tharp et al., 1981).  

 

Taking account of this literature, I defined neural bursts of alpha-beta and delta 

oscillations generously as delta waves ≤2Hz with superimposed ≥8Hz fast activity. 

Strict amplitude criteria were not applied owing to the significant limitations of applying 

these across research centres using different inter-electrode spacing and filter settings 

(Palmu et al., 2010).  

 

Standard analysis strategies used across Results chapters 
 

Data analysis was carried out using Curry v. 7, EEGLAB v.13. (Swartz Center for 

Computational Neuroscience), Matlab code custom-written by Dr Lorenzo Fabrizi, and 

IBM SPSS version 22. Mains interference was removed with a 50Hz notch filter (4th 
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order Butterworth filter). Recordings from electrodes which had poor contact with the 

scalp were rejected. Missing and discarded recordings were then estimated with 

spherical interpolation as implemented in EEGLAB. Details of additional processing 

steps are provided in each chapter. 
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3.  Cortical responses following muscle 
contraction 
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Introduction 
 

Somatosensory input in utero is generally reafferent: spontaneous internally-generated 

movement is associated with proprioceptive input from contracting muscle fibres and 

tendons, sometimes together with the tactile input coming from the body surface. In this 

chapter, I investigated cortical responses following muscle contraction in pre-term 

infants – a model of in utero development given the continuity of foetal to postnatal 

movement patterns (de Vries and Fong, 2006) – and full-term infants. 

 

Body movements are fundamental for the maturation and mapping of spinal and 

supraspinal somatomotor circuitry in neonatal animal models (Inácio et al., 2016; 

Schouenborg, 2008). The reafferent input from isolated movements is somatotopically 

encoded in the cortex, anchoring representation in primary somatomotor cortices to the 

physical layout of the body (Akhmetshina et al., 2016; An et al., 2014; Khazipov et al., 

2004). This phenomenon has been demonstrated for a variety of muscle groups: 

forepaw and hindpaw, and non-limb muscles such as those of the whisker pad (Tiriac 

et al., 2012). Movement-related cortical bursting declines over the second postnatal 

week and disappears on postnatal day 12 which is broadly equivalent to human full-

term (Dooley and Blumberg, 2018; Tiriac et al., 2014; Tiriac and Blumberg, 2016).  

 

Limb movements in very pre-term human infants (<32 weeks CGA), which occur 

predominantly during active sleep, evoke similar somatotopically organised cortical 

responses (Milh et al., 2007; Vanhatalo et al., 2009). This suggests an analogous role 

of these movement-elicited responses in the development of body surface maps 

(Fukumoto et al., 1981; Grigg-Damberger, 2016; Hadders-Algra et al., 1993; Khazipov 

and Milh, 2018). However, it is not known until what age limb muscle contractions fulfil 

this function. Additionally, it is unknown whether proprioceptive feedback associated 

with contraction of other (non-limb) muscle groups also evokes a somatosensory 

cortical response in human infants, as in animal models (Tiriac et al., 2012). For 

example, hiccups - which also occur during active states - comprise involuntary 

contractions of respiratory muscles, predominantly the diaphragm, and are also 

common in the equivalent of the last trimester of gestation (Brouillette et al., 1980; 

Lipton et al., 1964; Pillai and James, 1990; Swann, 1978; de Vries and Fong, 2006; 

Wagner, 1939; van Woerden et al., 1989).  

 

Experimental aims 
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Here I investigated cortical responses associated with the contraction of limb (hand) 

and respiratory (diaphragm) muscles, and their developmental profile in very pre-term, 

late pre-term and full-term infants. The hypotheses were that i) contraction of both limb 

and respiratory muscle groups would evoke a cortical response in pre-term human 

infants, as in neonatal animal models (Khazipov et al., 2004; Tiriac et al., 2012), and ii) 

that this response would decline and disappear at the approximate equivalent of the 

second postnatal week in pups (30-42 weeks corrected gestational age) (Dooley and 

Blumberg, 2018). 

 

Methods 
 

3.3.1 Subjects 

 

The presence of isolated right hand movements, or a bout of hiccups, was recorded at 

the cot side, alongside annotations of the infant’s sleep-wake state. 19 infants had 

isolated right hand movements during active sleep (Table 4). 13 infants had a bout of 

hiccups during wakefulness (n = 10) or active sleep (n = 3) (Table 5): hiccups were 

more likely to occur in infants who were awake during EEG monitoring (chi-squared 

test (initial sample of n = 216 EEGs reviewed for the presence of hiccups): p = .004, 

Phi .194). 

 

 

 
Table 4: Demographics of the sample population with isolated right hand movements 

No. of neonates 19 

Median (range) CGA 

(weeks+days)a 

38+1 (31+4 – 42+5) 

Median (range) PNA (days) 2 (1-17) 

Sex (% female) 52.6% 

Median (range) birth weight (g) 3040 (2039 – 4320)  

Multiple gestation neonates 5.3% 

CGA = corrected gestational age at study; PNA = postnatal age 
a No infants were receiving caffeine as a respiratory stimulant at the time of study, except for the 

youngest infant with CGA 31+4 weeks+days (5mg/kg once daily), which does not affect 

electrical brain activity at this age (Dix et al., 2018). 
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Table 5: Demographics of the sample population with hiccups 

Subject/ 

Sex 

CGA PNA Neurologyb 

#1/ F 30+3 18 Normal 

#2/ M 30+4a 22 Normal 

#3/ M 32+6 44 Normal 

#4/ M 33+6 7 Mild ventriculomegaly (L>R) 

#5/ M 34+5 6 Normal 

#6/ F 34+5a 5 Normal 

#7/ F 34+6 78 GM-IVH (grade III R>L) 

#8/ F 35+5 2 Normal 

#9/ M 35+6 41 GM-IVH (IPL R; grade I L)b 

#10/ F 36+5a 6 Normal 

#11/ F 37+1 12 Normal 

#12/ M 37+5 3 Normal 

#13/ F 42+0 4 Normal 

Median 34+6 7  

Sex (% female) 53.8%  

Median (range) birth weight (g): 

2247 (670 – 3850) 
 

Multiple gestation neonates: 15.4%  

CGA = corrected gestational age at study; GA = gestational age at birth; PNA = postnatal age 
a These infants were in active sleep at onset of hiccups. All other infants were awake. 
b GM-IVH = germinal matrix-intraventricular haemorrhage, grade III is associated with 

ventricular dilatation; IPL = intraparenchymal lesion secondary to GM-IVH. R = right; L = left. 

High-grade GM-IVH could potentially impair somatosensory processing (de Vries et al., 2001) 

but somatosensory cortical responses can typically still be evoked (Arichi et al., 2014; Gibson et 

al., 2006; Nevalainen et al., 2015; Slater et al., 2010). 

 

 

3.3.2 Recording cortical responses following limb muscle and diaphragm contraction 

 

The initiation of each individual contraction was identified offline by thresholding the 

recording from a movement transducer on which a deflection occurred with each event, 

which was time-locked to the EEG recording (or analysing synchronised video 

recording in 2/19 limb movement subjects) (Fig 3-1). To identify contractions of hand 

and diaphragm muscles respectively, these movement transducers were affixed to the 

wrist or trunk (lower trunk 10/13 infants - which also captured respiratory movement 
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(Fig 3-1 lower trace); upper trunk 3/13 infants - which also captured ECG potentials) 

(Fig 3-4). 

 

 

 
Figure 3-1: Identifying the initiation of individual muscle contractions 

Upper trace: Representative limb muscle contraction registration trace in which one isolated 

right hand movement occurs. Lower trace: Representative diaphragm contraction registration 

trace in which two hiccups occur. In both traces, the time of initiation of each individual muscle 

contraction is identified by thresholding (dashed horizontal line) the signal from a movement 

transducer placed on the limb or trunk respectively.   

 

 

Isolated limb movements in human infants can be relatively slow (contraction duration 

of up to 800 ms on electromyography (EMG) recordings) (Hadders-Algra et al., 1992) 

(Video 4 in my publication associated with this chapter shows an illustrative example: 

doi:10.1038/s41598-018-35850-1). To investigate cortical responses to these relatively 

sustained contractions, and whether changes in oscillatory activity are in line with 

previous reports (Milh et al., 2007), we analysed neural data in the frequency domain. 

Hiccups are faster and more discrete events, with shorter contraction durations on 

EMG recordings (Davis, 1970). Therefore, to investigate hiccup-related cortical 

responses, and whether their latencies are in line with previous reports of potentials 

evoked by comparable bilateral motor activity (Losito et al., 2017), we analysed neural 

data in the time domain. Both frequency- and time-domain analyses reflect the same 

neurobiological principle: that a sensory event which is processed by the cortex will 

synchronise or desynchronise ongoing cortical activity (Pfurtscheller and Lopes da 

Silva, 1999).  
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3.3.3 Analysis: limb muscle contraction 

 

Pre-movement (-1000 to 0 ms) and post-movement initiation (0 until +1000 ms) epochs 

were selected. For each epoch, DC offset was removed. The presence of a cortical 

response was established by comparing power in the pre- and post-movement initiation 

epochs in the alpha-beta (8-20 Hz) and delta (0.2-2 Hz) frequency bands, within which 

increases in oscillatory activity following movement have been reported previously 

(Milh et al., 2007), using Wilcoxon paired tests (Fig 3-3). Changes in the theta (4-6 Hz) 

band were calculated as a negative control. A tapering Hanning window was used in 

the calculation of the power spectrum to reduce spectral leakage. Movement-evoked 

power changes were expressed in decibels (Eq. 1). Their developmental trajectory 

against CGA was then assessed using Spearman’s correlation coefficients. 

 

 �
𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝

�
𝑑𝑑𝑑𝑑

=  10 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙10
𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝

 (1) 

 

Prior to my main analysis, I confirmed previous reports that increases in alpha-beta 

power evoked by limb movements are topographically specific (Milh et al., 2007; 

Vanhatalo et al., 2009), in a single very pre-term infant (31+4 weeks CGA; total of 65 

movements: right hand = 13, right leg = 5, left hand = 25, left leg = 22). Right hand 

movement evoked increased alpha-beta power specifically over the left lateral central 

region (C3 p = .023; CP3 p = .064; other electrodes p ≥ .101). Right leg movement 

evoked increased alpha-beta power specifically over the midline central region (Cz p = 

.043; other electrodes p ≥ .080). Left hand movement evoked increased alpha-beta 

power specifically over the right lateral central region (C4 trend p = .088; other 

electrodes p ≥ .135). Left leg movement could evoke increased alpha-beta power over 

the midline central region although not statistically significant (all electrodes p ≥ .108), 

and evoked an increase in delta power over the midline and temporal-occipital regions 

(Cz, T7, P7, O1 p ≤ .042). Right leg, right hand and left hand movement was not 

associated with a change in delta power (all electrodes p ≥ .093). 

 

3.3.4 Analysis: diaphragm contraction 

 

EEG data were bandpass filtered at 1.5-40 Hz (2nd order Butterworth filter) and epochs 

from -400 until +1300 ms around diaphragm contraction onset were selected. For each 

epoch, DC offset was removed by subtracting the baseline signal (-400 to 0). One 

epoch containing movement artefact was discarded from three datasets, and two 
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datasets were de-noised using independent component analysis (component 

representing ECG breakthrough was removed) (Onton and Makeig 2006). In five 

infants 1/18 electrode recordings were discarded due to artefact. All EEG epochs were 

re-referenced to common average (retrieving an estimation of the reference channel 

Fz) (Fig 3-2). 
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Figure 3-2: Individual EEG responses following diaphragm contraction 

Butterfly plots of the recordings at each electrode, re-referenced to common average, for each 

of 13 infants (Table 5).  
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The presence of a cortical response was established using the Topographic 

Consistency Test, which examines if and at what latencies a stimulus consistently 

elicits the same scalp field distribution across subjects using Global Field Power (GFP) 

measurements (standard deviation of the recordings across electrodes at each time 

point) analysed with non-parametric permutation statistics timepoint by timepoint (n = 

1000 randomization runs among channels) (Koenig and Melie-García, 2010). Their 

developmental trajectory against CGA was then assessed using Pearson’s correlation 

coefficients. Data analysis was implemented in Ragu (Koenig et al., 2011).  

 

For the analysis of cortical responses associated with either limb or respiratory muscle 

contraction, statistical significance threshold was set to .05 for all tests. To provide a 

visual representation of the topography of the evoked responses, I generated grand 

average scalp field maps, as well as scalp field maps stratified by CGA.  

 

Results 
 

Across 19 subjects 143 isolated right hand muscle contractions were analysed, and 

across 13 subjects 1316 diaphragm contractions were analysed. The occurrence of 

either type of muscle contraction was not associated with CGA (p ≥ .144). 

 

Limb muscle and diaphragm contraction both evoked a cortical response in pre-term 

and full-term infants, which was topographically organised across the central region. 

 

3.4.1 Hand movement evoked a cortical response organised across the central region 

 

Right hand movements were associated with a significant increase in alpha-beta power 

localised over the left central-parietal and central region (CP3 p = .007 and C3 p = 

.030; 69.2% of movements were associated with a power increase at one or both 

electrode sites (Figs. 3-3 and 3-4); all other electrodes p ≥ .052). Right hand 

movements were also associated with an increase in delta power over the left fronto-

parietal area (CP3 p = .018 and F3 p = .016; 68.5% of movements were associated 

with a power increase at one or both of these electrode sites (Figs. 3-3 and 3-5); all 

other electrodes p ≥ .104). There were no movement-associated changes in the control 

theta frequency band (p ≥ .267 at every electrode).  
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Figure 3-3: Individual EEG responses following hand muscle contraction 

EEG recording during isolated right hand muscle contraction (yellow vertical line) in infants with 

corrected gestational age 34 weeks (left panels) and 39 weeks (right panels). The arrow points 

to the localised increase in alpha-beta oscillations post-movement over the contralateral central 

region (C3). Only EEG recordings overlying frontal, central and central-central-parietal regions 

are shown for illustrative purposes. 
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Figure 3-4: Hand muscle contraction evoked an increase in alpha-beta power organised over 

the central region 
Left: Median (and 95% confidence interval) alpha-beta power pre and post movement at the 

contralateral central-parietal (CP3) and central electrode (C3). Right: Scalp field map of the 

median change in alpha-beta power. 
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Figure 3-5: Hand muscle contraction evoked an increase in delta power organised over the 

fronto-parietal region 
Left: Median (and 95% confidence interval) delta power pre and post movement at the 

contralateral frontal (F3) and central-parietal electrode (CP3). Right: Scalp field map of the 

median change in delta power. 

 

 

 

3.4.2 Diaphragm movement evoked a cortical response organised across the central 

region 

 

Respiratory muscle contractions were associated with a cortical response comprising a 

sequence of three evoked potentials (EPs): between -49 to 35 ms (peak latency: 16 

ms), 91 to 150 ms (peak latency: 125 ms), and 223 to 913 ms (peak latency: 310 ms) 

(Fig 3-6). Each EP was organised across the central region: the first EP comprised 

fronto-central-temporal negativity, with positivity most prominent across the posterior 

region; the second EP comprised central and posterior negativity, with positivity most 

prominent across the anterior and bi-temporal regions; the third EP comprised central 

and posterior positivity, with negativity most prominent bi-temporally (except in the very 

youngest subject #1 (Fig 3-7)).  
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Figure 3-6: Grand average of the EEG responses following diaphragm contraction  

Upper panel: EEG recordings at each electrode from individual infants (blue lines) and grand 

average (black lines); Global Field Power (GFP) of the grand average EEG recordings. Lower 

panel: GFP of the grand average EEG recordings showing timing and duration of consistent 

EEG activity across subjects, i.e. evoked potentials (green shading) and their topographical 

scalp field maps (averaged across their duration as defined by the Topographic Consistency 

Test). The height of the grey area indicates the p-value of the Topographic Consistency Test.  
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Figure 3-7: Individual EEG topographies following diaphragm contraction  

Topographies of each evoked potential (averaged across their duration as defined by the 

Topographic Consistency Test, and individually symmetrically scaled to their own peak value) 

for each of 13 infants (Table 5) and the grand average. 
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3.4.3 Movement-evoked cortical alpha-beta oscillations disappeared at full-term 

 

Hand muscle contraction-evoked increases in central and central-parietal alpha-beta 

power declined with age and disappeared by 41 weeks CGA (C3: r -.253 p = .002, 

CP3: r - .211 p = .012) (Fig 3-8).  

 

In contrast, hand muscle contraction-evoked increases in fronto-parietal delta power 

did not change with age (F3 and CP3 p ≥ .236) (Fig 3-9). Similarly, the increase in 

power associated with diaphragm contraction did not change with age (mean Global 

Field Power of first EP: p = .561, second EP: p = .216, third EP: p = .774, Fig 3-10). 

 

 
Figure 3-8: Hand muscle contraction-evoked increase in contralateral central alpha-beta power 

declined with age  
Lower panel: Alpha-beta power changes at C3 electrode associated with each movement from 

19 infants with best linear fit to the data (solid line, on a logarithmic scale). Top panel: 

Topographical scalp field map of the median change in alpha-beta power for younger (left: 31-

35 weeks CGA) and older infants (right: 36-42 weeks CGA). 
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Figure 3-9: Hand muscle contraction-evoked increase in contralateral frontal delta power did not 

change with age  

Delta power changes at F3 electrode associated with each movement from 19 infants. 

 

 

 
Figure 3-10: Diaphragm contraction-evoked increase in global field power did not change with 

age  

Mean Global Field Power across the latencies of each evoked potential from 13 infants.  
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Discussion 
 

3.5.1 Involuntary limb and diaphragm muscle contractions evoke a cortical response 

which may represent somatosensory processing 

 

Involuntary isolated movements of the hand and diaphragm evoke cortical responses in 

pre-term and full-term infants, which last for approximately one second and are 

topographically organised at the central regions. 

 

The alpha-beta oscillations evoked by limb muscle contraction are topographically 

organised, and therefore likely to indicate reafferent activation of somatosensory cortex 

representing the right hand. Consistent with this, their distribution is very similar to that 

evoked by tactile stimulation of the same body part (Vanhatalo et al., 2009). The first 

two potentials evoked by diaphragm contraction have a scalp topography which would 

also be consistent with reafferent activation of somatosensory cortex, here 

representing the trunk (Amassian, 1951; Maskill et al., 1991), while the neural source of 

the final potential evoked by diaphragm contraction is less clear. 

 

3.5.2 Involuntary diaphragm muscle contractions evoke a later response which may 

represent processing of afferent input beyond somatosensory cortex 

 

The final potential evoked by diaphragm contraction, positive across the central region, 

has a similar topography to that recorded in neonates between approximately 200-315 

ms following bilateral myoclonus (Losito et al., 2017) and somatosensory stimulation of 

the body, but is much longer lasting (Karniski et al., 1992; Nevalainen et al., 2015). 

Auditory stimulation, on the other hand, elicits a positive vertex deflection at 

approximately 400 ms with an overall topography similar to that of the positive potential 

observed here (Chipaux et al., 2013; Fifer et al., 2010; Kaminska et al., 2017). 

Therefore the later part of the cortical response associated with hiccups could partly 

reflect the auditory input produced by the abrupt closure of the glottis with each hiccup 

(Fig 3-11) (Lewis, 1985; Wagner, 1938). 
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Figure 3-11: Examples of the stereotyped sound time-locked to each hiccup event  

EEG recordings and audio recordings (Mic, signal proportional to sound intensity, dynamic 

microphone affixed to the infant’s collar (Unimed electrode supplies)) during three hiccups in 

infant with corrected gestational age 34 weeks. The arrows point to the stereotyped sound 

associated with abrupt closure of the glottis following initiation of each diaphragm contraction, 

identified by thresholding (dashed horizontal line) the signal of the movement transducer (in this 

infant, ECG recording). Data are displayed referred to Fz and band-pass filtered 1.5-70Hz with 

a 50Hz notch filter. Scale bar bottom left. Solid grey vertical lines mark each second and 

dashed grey vertical lines mark each 200 milliseconds. 

 

 

 

3.5.3 Limb muscle contraction-evoked alpha-beta oscillations disappear at full-term age 

 

Limb muscle contraction-evoked alpha-beta activity is specific to pre- and early-term 

infants, declines with age, and disappears at full-term. This suggests that these 

movement-evoked alpha-beta oscillations fulfil a role throughout the equivalent of the 

third trimester of gestation, which is exhausted at full-term age even when the 

movements themselves persist (Dreyfus-Brisac, 1970; Kohyama and Iwakawa, 1990; 

Mark S. Scher et al., 1994). Prior to full-term, alpha-beta oscillations may reflect the 

unique excitatory-inhibitory balance of the immature central nervous system which 

facilitates sensory cortical development. Excitatory somatosensory input is amplified in 

the spinal cord (Schwaller et al., 2017) and subplate (Kanold, 2009; Kostovic and 

Rakic, 1990) which drives alpha-beta oscillations in somatosensory cortex in animal 

models (Tolner et al., 2012). Meanwhile, local cortical inhibitory circuitry – which 

dampens movement-related cortical activity from postnatal day 12 in animal models - is 

not fully developed (Dooley and Blumberg, 2018). These excitatory-inhibitory features 

correspond to a critical period of experience-dependent somatosensory plasticity in 
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animal models – to which movements contribute – which ends at broadly the equivalent 

of human full-term (Crocker-Buque et al., 2015; Fox, 1992; Tiriac et al., 2012). 

Therefore, my results suggest that movement-related alpha-beta oscillations occur 

during an early period of somatosensory plasticity prior to the average time of birth (41 

weeks) and may support intra-uterine somatosensory development in preparation for 

entry into the external world at full-term.  

 

On the other hand, limb muscle contraction-evoked delta power does not decline with 

age, and nor does diaphragm contraction-evoked global field power, within which slow 

frequencies are the dominant contribution (Fabrizi et al., 2016; Milh et al., 2007; 

Vanhatalo et al., 2009). This indicates that muscle contraction-evoked slow frequencies 

may continue to subserve a function within sensory processing at full-term age (Fabrizi 

et al., 2016). Similarly, auditory-evoked delta activity declines more gradually than 

auditory-evoked alpha-beta activity (Chipaux et al., 2013). I suggest that muscle 

contraction-evoked alpha-beta activity may diminish first, after refining local primary 

somatosensory circuits. Meanwhile, muscle contraction-evoked slow activity may 

persist for longer because it travels across the cortex (Buzsáki and Draguhn, 2004; 

Lopes da Silva, 2013; McVea et al., 2012), and therefore facilitates the integration of 

locally encoded proprioceptive feedback with other associative regions (Allievi et al., 

2015; Burkhalter et al., 1993; Doria et al., 2010; Haynes et al., 2005; Quairiaux et al., 

2011). In line with this, I show that limb muscle contraction-evoked delta activity 

overlaps with alpha-beta activity in the central-parietal region, but also extends over 

frontal areas, which could represent activation of frontal cortex (Kabdebon et al., 2014).    

 

3.5.4 Limitations and future directions 

 

Supportive that the cortical responses described in this chapter are triggered by 

reafferent somatosensory input are i) they occur time-locked after and not before the 

movement is initiated, concordant with ii) no evidence that such movements are 

cortically generated (Kahrilas and Shi, 1997; Kreider and Blumberg, 2000), iii) they 

have a contralateral scalp topography following unilateral movement, and iv) their time 

course (peak latency of potential following diaphragm contraction) overlaps with that of 

responses described following mechanical somatosensory stimulation (Hartley et al., 

2017; Pike et al., 1997; Tombini et al., 2009). However, deafferentation is the only gold 

standard method to demonstrate which cortical activity is evoked at the periphery. 

Further, the exact neuronal population recruited by a peripheral stimulus cannot be 

definitely ascertained with scalp EEG (Dubey and Ray, 2019). For example, neonatal 
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animal models indicate that neurons of primary motor cortex, as well as primary 

somatosensory cortex, can also respond directly to peripheral somatosensory input 

(Dooley and Blumberg, 2018). 

 

For the limb movement analysis, no arbitrary cut-off defined the presence or absence 

of a cortical response, but rather the ratio of EEG power post- vs. pre-movement was 

treated as a continuous variable. While this has its advantages as an inclusive 

approach, the drawback is that some of the post-movement epochs analysed, 

especially in the older infants, would have effectively been background ‘noise’, 

reflected in the post- vs. pre-movement ratio reaching zero at full-term age. 

 

An additional methodological limitation is that I did not quantify the amplitude of each 

movement – if this varied with age it would be a confound of my developmental 

analysis. However, neonatal animal models have shown that limb movements during 

active sleep do not differ by amplitude with age (Dooley and Blumberg, 2018), and my 

finding that movement-related alpha-beta oscillations attenuate with development is 

concordant with data from other sensory modalities, e.g. visual, in which the stimulus 

was kept fixed in amplitude (Colonnese et al., 2010).  

 

Finally, the subjects in this cohort had heterogenous postnatal ages compared to other 

results chapters, especially for the diaphragm movement analysis. While postnatal age 

- if not a variable of interest - would ideally be kept fixed, the inclusion of variably aged 

infants is often a necessary trade-off in order to sample very pre-term infants, who will 

typically not be stable enough for a research EEG at young postnatal ages. 

 

A future direction for this research is to investigate the developmental trajectory of 

spontaneous neural bursts of central topography, given that neonatal animal models 

demonstrate that these too are involved in the development of the somatosensory 

system (An et al., 2014; Hanganu et al., 2007; Yang et al., 2013, 2009). As a 

preliminary step to addressing this question, I assessed whether the incidence of 

spontaneous bursts of central and other topographies varied according to the CGA of 

8/19 [limb muscle contraction] subjects in whom a total of 260 bursts were recorded 

(criteria outlined in Methods Chapter), with a binary logistic regression using the Enter 

Method. The relative proportion of central bursts decreased with CGA (p <.001; Exp(B) 

= 0.53), while the relative proportion of posterior temporal bursts increased (p <.001; 

Exp(B) = 1.397). Fig 3-12 plots the age-related change in the percentage of the EEG 

with central and posterior-temporal bursts for illustrative purposes. There was no 
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relationship between CGA and the relative proportion of other burst topographies (p ≥ 

.286). These preliminary data confirm that spontaneous bursts of central topography 

disappear at 36 weeks CGA (Tsuchida et al., 2013), and show that in parallel there is a 

relative increase in posterior-temporal bursts, which have an association (insular) 

cortical source (paper #2 Appendix B). This could indicate that spontaneous bursting is 

involved in activity-dependent development of the somatosensory system first, and 

association cortical networks subsequently, concordant with the trajectories of 

structural brain development (Janiesch et al., 2011; Kostovic and Rakic, 1990; Paredes 

et al., 2016). 

 

 

 

 
Figure 3-12: Developmental trajectory of topographies of spontaneous bursts of alpha-beta and 

delta oscillations 

Each dot represents the percentage occurrence across the whole period of active sleep of 

spontaneous central bursts (left, right, bilateral or midline; green) or spontaneous posterior-

temporal bursts (left, right or bilateral; blue) from each of 19 infants. 

 

 

 

Conclusion 
 

As I hypothesised, contraction of limb and respiratory muscles evokes cortical 

somatosensory changes in pre-term infants, and a prominent feature of the pre-term 

response to muscle contraction – alpha-beta oscillations – declines towards full-term. 

Isolated limb movements and hiccups are as prominent during the equivalent foetal 
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period, indicating that their purpose could be to provide peripheral input to refine local 

sensory cortical circuits prior to birth. 

 

Movement-related reafferent feedback may then facilitate maturation of primary 

somatosensory cortex during late human gestation, in readiness for its integration into 

a wider network of feedforward and feedback connections. To probe this further, in the 

next chapter I used externally delivered tactile stimulation to study the emergence of 

hierarchical somatosensory processing in the weeks leading up to full-term.  
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4. Cortical responses following tactile 
stimulation 
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Introduction 
 

In Chapter 3 I investigated cortical processing of reafferent somatosensory input 

associated with movement: an experimental design which allowed me to model activity-

dependent development of somatosensory cortex consistent with what might occur in 

utero. Pre-natal movement-related neural activity may facilitate initial maturation of 

cortical circuits in readiness to process the new sensations associated with delivery into 

the world, when stimuli shift from internally generated to passive somatosensory input 

such as parental touch. In this chapter, I probe somatosensory maturation further by 

interrogating the emergence of hierarchical cortical pathways to process such passive 

tactile somatosensory input, over a developmental period which spans the average time 

of birth. 

 

The processing of somatosensory information in the mature mammalian cortex has a 

hierarchical organization. Features of increasing complexity are encoded in an 

ascending system of connected cortical areas and functions to allow, for example, the 

localization and then conscious perception of the various qualities of touch (Dijkerman 

and Haan, 2007; Felleman and Essen, 1991; Iwamura, 1998). Areas within primary 

somatosensory cortex (SI) sequentially encode the location and characteristics of 

contralateral somatosensory input on the body, before other areas integrate information 

from the two body sides and then multiple sensory modalities, facilitating object 

recognition and motor planning (Kandel et al., 2000a).  

 

Early somatosensation may contribute to survival behaviours such as feeding, 

rudimentary motor skills like grasping, and to the beneficial effects which parenting 

provides (Colson et al., 2008; Hackman et al., 2010; Molina et al., 2015). In rodents, the 

somatosensory architecture develops over the first few postnatal weeks (McVea et al., 

2012) and follows a rostro-caudal developmental gradient. This is clear from the 

sequential organization of SI: (i) neurons in primary somatomotor cortex initially respond 

almost exclusively to whiskers stimulation, while responses to forelimb appear later 

finally followed by responses to hindlimb stimulation (Dooley and Blumberg, 2018; 

McCandlish et al., 1993; Seelke et al., 2012); (ii) amputation of the forelimb at P0 results 

in the corresponding SI representation to respond to hindlimb, but not whiskers, 

stimulation suggesting that inputs from the facial area have already matured at birth 

(Pluto et al., 2003). In addition, complex sensorimotor interactions such as placing (i.e. 

lifting a paw and placing the sole flat on a support platform) in response to a gentle touch 

develops for the forelimb before the hindlimb (Donatelle, 1977). In line with these findings 
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in animal models, upper limb grasp is more common than lower limb grasp in full-term 

neonates (Colson et al., 2008). However, little is known about when the different levels 

of the somatosensory processing pathway mature in humans, or whether this maturation 

occurs first for the face and upper limbs. 

 

The structural connections of the human brain develop rapidly over the equivalent of the 

third trimester of gestation, as I briefly summarised in Chapter 1. Regarding the 

somatosensory system in particular, the entry of callosal fibres into the cortex from 33 

weeks (Volpe, 2009), disappearance of the somatosensory subplate from 36 weeks 

(Kostovic and Rakic, 1990), dense intra-layer horizontal cortical connections by 37 

weeks (Burkhalter et al., 1993), and a peak in axon growth within the parietal white matter 

at 38-42 weeks (Haynes et al., 2005) suggests that the inter- and intra-hemispheric 

cortico-cortical circuits necessary for higher-order somatosensory functioning may 

mature within the late pre-term and perinatal period. Indeed, functional (f)MRI 

experiments indicate that the equivalent of the last trimester of gestation is characterised 

by more spatially complex functional somatosensory responses with increasing 

integration of the ipsilateral hemisphere and association cortices (Allievi et al., 2015). 

  

In adults, scalp-recorded somatosensory-evoked potentials (SEPs) have been linked to 

different levels of the processing hierarchy of tactile information: early SEPs, consistent 

with a source in SI (Allison et al., 1992), are recorded in adults even if stimuli do not elicit 

conscious perception, whereas later SEPs, likely to be generated beyond SI (Frot and 

Mauguière, 1999; Hoechstetter et al., 2001), are only recorded if the stimulus has 

entered awareness (Kitazawa, 2002; Libet et al., 1967). In Chapter 3 I suggested that 

the two initial evoked potentials following diaphragm contraction were consistent with an 

SI source, with the final potential potentially reflecting more complex processing. 

 

The maturation of higher-level somatosensory processing in the late pre-term and 

perinatal brain is poorly understood because the majority of studies have focussed only 

on the primary afferent volley. When analysing neural responses to hand stimulation in 

the time domain, this is a negative-positive complex (N1-P1) (Desmedt and Manil, 1970; 

Hrbek et al., 1973; Karniski et al., 1992; Laget et al., 1976; Taylor et al., 1996) over the 

contralateral central area occurring between 30-100 ms. In response to foot stimulation 

this is a positive deflection (P1, 37-50 ms) over the midline central area (Georgesco et 

al., 1982; Gilmore et al., 1987; Minami et al., 1996; Pike et al., 1997; Vaughan, 1975; 

White and Cooke, 1989). The somatotopic organisation of the electric and magnetic field 

of these early potentials is that of a forward pointing dipole consistent with activity in 
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Brodmann’s Area (BA) 3b of the SI representation of the stimulated limb indicating the 

arrival of the peripheral afferent volley (Lauronen et al., 2006; Minami et al., 1996; Pihko 

et al., 2004; Pike et al., 1997).   

 

Much less is known about longer-latency responses, which are considered to reflect 

higher-order processing levels further along the hierarchical tree (Nevalainen et al., 

2014; Saby et al., 2016).  At full-term, stimulation of the hands and feet elicits a second 

negative deflection (N2) at 150 ms following the early N1 and/or P1; the second potential 

that I recorded following diaphragm contraction resembled this deflection. Less 

consistently reported following tactile stimulation are a second positive peak (P2) at 

about 240 ms and a third negative peak (N3) at 450 ms (hands: (Desmedt and Manil, 

1970; Hrbek et al., 1973; Karniski et al., 1992; Laget et al., 1976; Maitre et al., 2017; 

Nevalainen et al., 2015; Pihko et al., 2004; Taylor et al., 1996); feet: (Cindro et al., 1985, 

1985; Fabrizi et al., 2011; Losito et al., 2017; Minami et al., 1996; Pike et al., 1997; Slater 

et al., 2010). These potentials emerge over the equivalent of the last trimester of 

gestation (Fabrizi et al., 2011; Hrbek et al., 1973), but when each tier of the hierarchical 

chain is established is not known. These are important questions, because these 

potentials are biomarkers of properly developed somatomotor circuits: the absence of 

short-latency (≤100 ms) (Pierrat et al., 1997; While and Cooke, 1994) and long-latency 

(>100 ms)  (Franckx et al., 2018; Nevalainen et al., 2015) potentials predicts adverse 

neurodevelopmental outcome. 

 

Experimental aims 
 

I hypothesised that i) the known maturation in those structural connections which 

underpin intra- and inter-hemispheric somatosensory processing could be functionally 

reflected in the emergence of specific SEPs in humans and ii) that this emergence would 

follow a rostro-caudal developmental gradient as in animal models. To address this, I 

recorded SEPs following tactile stimulation of all four limbs in late pre-term and full-term 

neonates with a CGA of 34-42 weeks. I then mapped the emergence and topographical 

changes of each potential across CGA.   

 

Methods 
 

4.3.1 Subjects 
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Thirty-four infants evenly spread between 34+5 – 42+5 CGA (weeks+days) were 

included in this study (Table 6).  

 

 
Table 6: Demographics of the sample population divided into four age groups 

 Total Pre-term Early-
term 

Full-term Late-term 

No. of neonates 34 9 9 8 8 

Median (range) CGA at 

time of study 

(weeks+days) 

38+1  

(34+5-

42+5) 

35+4 

(34+5-

36+4) 

37+4 

(37+0-

38+1) 

40+0 

(39+2-

40+3) 

41+5  

(41+0-

42+5) 

Median (range) PNA at 

study (days) 

3 (1-11) 4 (2-5) 3 (1-11) 1 (1-3) 5 (1-11) 

Sex (% female) 56 66.6 66.6 62.5 25.0 

Multiple gestation 

neonates 

3 1 2 0 0 

Median (range) birth 

weight (g) 

2810  

(1780-

3968) 

2270  

(1780-

2910) 

2680  

(2280-

3170) 

3200  

(2250-

3630) 

3605 

(2790-

3968) 

CGA = corrected gestational age; PNA = postnatal age 

 

 

4.3.2 Mechanical stimulation of the limbs 

 

I delivered mechanical taps to the lateral edge of the infants’ palms and heels using a 

hand-held tendon hammer with a 15mm2 contact surface. The hammer had a piezo-

electric transducer that allowed to measure the force applied at each tap, and to record 

the precise timing of the stimulation on the EEG recording (Worley et al., 2012). A train 

of maximum 48 somatosensory stimuli was delivered to each limb. The interstimulus 

interval was approximately 8–15 s (Desmedt and Manil, 1970; Gibson et al., 1992; 

Nevalainen et al., 2015). The sequence in which the limbs were stimulated varied across 

subjects. In seven neonates, it was not possible to stimulate one of the two hands 

because of the presence of a cannula, and a reduced amount of stimuli were delivered 

if the baby became unsettled. This resulted in a total of 113 stimulation trains (i.e. 

stimulated limbs) of 6-48 stimuli (mean +/-SD: 19 +/-8.1) with a mean (+/-SD) force of 

267 (+/-71) millinewtons (mN). I ascertained that sleep-wake state prior to stimulation of 

each limb was not significantly different according to CGA (binary logistic regression p = 
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.124), or which of the four limbs was stimulated (Pearson Chi-Square p = .433) 

(wakefulness or active sleep in 72/113, and quiet sleep in 41/113 stimulation trains). 

 

4.3.3 Analysis 

 

Data were downsampled to 512 Hz, bandpass filtered at 1.5-40 Hz (2nd order 

Butterworth filter), and then epoched from -400 until +1300 ms around the stimulus. 

Twenty-three epochs from 18 datasets containing movement artefact were completely 

discarded, and 16 datasets were de-noised using independent component analysis 

(independent components representing (i) transient electrode ‘pop’; (ii) sinusoidal 

electrical interference; (iii) rapid eye movements and (iv) ECG breakthrough were 

removed) (Onton and Makeig, 2006). This resulted in a total of 2104 epochs analysed. 

All EEG epochs were re-referenced to common average (retrieving an estimation of the 

reference channel Fz), baseline corrected by subtracting the mean baseline signal (-200 

to 0 ms) and averaged across repetitions (i.e. each subject was characterised by a single 

average response per limb stimulated). 

 

Grand average analysis 

All data analysis in the following section was designed by Dr Lorenzo Fabrizi and 

performed by myself in collaboration with him. We first identified the SEPs present 

following the stimulation of each limb. The grand average of the EEG response and its 

global field power (GFP) to left hand (LH), right hand (RH), left foot (LF) and right foot 

(RF) stimulation across all subjects was calculated (Fig 4-1). SEPs were identified as 

local GFP maxima using the MATLAB function findpeaks.m. A temporally local GFP 

peak was defined as a data sample that is larger than its two neighbouring samples, 

has an amplitude of more than 1 μV and a prominence of more than 0.15 μV. The 

prominence of a peak indicates the extent by which a peak stands out in relation to 

other neighbouring peaks. 

 

SEPs emergence analysis 

We then investigated the changes in SEPs occurrence with CGA. Individual SEPs 

presence was established at subject level with a two steps approach: (i) definition of a 

spatio-temporal region of interest (ROI) from the grand averages; (ii) assessment of 

individual peaks. 

 

We first defined the spatio-temporal ROI within which individual peaks had to fall to be 

considered present. To define the spatial ROI, we plotted the topographies of the grand 
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averages at the latencies of the temporally local GFP peaks (4 peaks x 4 limbs, Fig 4-1) 

and marked the equipotential line at half maximum of the largest peak at each latency 

(Fig 4-2). This is equivalent to determining the 2D Full-Width at Half-Maximum of the 

peaks. The spatial ROI was defined as the union of all the equipotential lines and 

encompassed the pericentral electrodes (C3, C4, CP3, CP4, Cz, CPz) (Fig 4-2). The 

temporal ROI was defined as the time interval in which the recording from at least one 

of the electrodes within the spatial ROI significantly deflected from baseline. A significant 

deflection (p < .05) was determined with a point-by-point t-test comparing each time point 

following stimulation (variance calculated across subjects) to baseline (variance 

calculated across subjects and time). 

 

Individual SEPs were then identified as local temporal and spatial maxima/minima 

occurring within the spatio-temporal ROI. Peaks potentially representing SEPs were first 

identified from the recordings at the pericentral electrodes using the MATLAB function 

findpeaks.m. These were data samples that were larger/smaller than their two 

neighbouring samples, had a prominence of more than 2 µV, width at half-prominence 

of more than 14 ms and occurred within the temporal ROI (Fig 4-3). If more data points 

satisfied these criteria the latency of that closest to the grand average SEP was selected. 

If no data point satisfied these criteria the SEP was considered absent. If a peak 

potentially representing an SEP was present, its topography was assessed against the 

spatial ROI. Spatial maxima/minima at the latencies of the selected peaks were identified 

using the MATLAB functions imregionalmax.m and imregionalmin.m (Fig 4-3). If the 

spatial maxima/minima fell within the boundary of the spatial ROI the SEP was finally 

considered present. Changes in occurrence (and amplitude) of each potential according 

to CGA were then assessed using a logistic (and linear) regression model for hands and 

feet separately. In this analysis, a significant positive regression coefficient represents 

an increase in the occurrence of a potential with age. The 95% confidence interval was 

calculated using parametric bootstrapping. 

To provide a visual representation of the developmental changes in the somatosensory 

response waveform, I generated average traces for the contralateral and midline 

pericentral electrodes for each of four age groups (pre-term, early-term, full-term and 

late-term, Table 6). 

 

SEPs topography development analysis 

We then investigated changes in the SEPs topographies with CGA using global 

dissimilarity (DISS), which quantifies differences between two electric fields, sampled 

at the scalp, independently of their strength (Murray et al., 2008; Tzovara et al., 2012). 
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We first calculated the mean topographies of each SEP for the oldest infants (CGA ≥ 

42 weeks) by averaging the topographies (normalised by GFP) of the peaks classified 

as present in this age group (Fig 4-6 and 4-7). We then compared the topographies 

(normalised by GFP) of each individual with these references by calculating DISS. This 

index ranges between 0 and 2, with 0 meaning that topographies are identical and 2 

meaning that topographies are inverted. A topography was considered ‘similar’ to the 

reference topography if DISS was lower than the median of all the DISS calculated 

(which was 0.819). Changes in occurrence of topographies ‘similar’ to those of the 

oldest infants according to CGA were then assessed using a logistic regression model 

for hands and feet separately. The datasets used to calculate the reference 

topographies were excluded from this regression to not bias the results. In this 

analysis, a significant positive regression coefficient represents an increase in the 

occurrence of topographies ‘similar’ to that of the oldest infants with age. The 95% 

confidence interval was calculated using parametric bootstrapping. To explain changes 

in DISS, topographies were then classified according to the angular distance of the 

main peak from the midline into contralateral (x < -25°), midline (-25°< x < 25°) and 

ipsilateral (x > 25°). A midline topography can represent bilateral cortical involvement, 

as the electric field from both hemispheres summate at the midline, while cancelling out 

elsewhere (Scherg and Von Cramon, 1985). Changes in occurrence of peaks with 

midline topography were then assessed using a logistic regression model for hands 

and feet separately. In this analysis, a significant positive regression coefficient 

represents an increase in the occurrence of peaks with midline topography with age. 

The 95% confidence interval was calculated using parametric bootstrapping. To 

provide a visual representation of the developmental changes in the SEPs 

topographies, we generated average scalp maps for each of four age groups (Table 6). 

Average scalp maps were obtained averaging data normalised by GFP from subjects 

for whom the SEPs were classified as present. 
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Figure 4-1: Grand average of the EEG responses following mechanical stimulation of all four 

limbs  

Within each panel we displayed: (i) the grand average of the recordings at each electrode, 

where shading represent significant deflections (p < .05) from baseline; (ii) the global field power 

(GFP) of the grand average with marked local maxima representing the SEPs; (iii) topographies 

of each SEP (normalised by GFP). 
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Figure 4-2: Pipeline for the definition of spatial region of interest (ROI) for individual peak 

detection 

a. Identification of local spatial maximum/minimum at the latencies of one of the grand average 

SEPs (in this example P2 following left hand stimulation); b. mark equipotential line at half 

maximum (i.e. 2D Full-Width at Half-Maximum, FWHM); c. repeat (a-b) for every SEP following 

the stimulation of one limb (in this example left hand stimulation, in red is the same FWHM 

contour shown in (b)); d. repeat (c) for every limb. The spatial ROI for individual peak 

identification is the union of the ROIs defined for every SEP following stimulation of every limb. 
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Figure 4-3: Example of identification of individual somatosensory-evoked potentials (SEPs) in 

the response to left hand stimulation of an infant 41 weeks corrected gestational age 

Peaks potentially representing SEPs were first identified as local maxima/minima in the time 

domain from the recording at the pericentral electrodes (top panel). These were data samples 

that were larger (empty triangles) or smaller (full triangles) than their two neighbouring samples, 

had a prominence of more than 2 µV, width at half-prominence of more than 14 ms and 

occurred within the temporal ROI (shaded time interval). If more data points satisfied these 

criteria the latency of that closest to the grand average SEP was selected (red triangles). If a 

peak potentially representing an SEP was present in the time domain, its topography was 

assessed against the spatial ROI derived from the grand averages (bottom panel). Spatial 

maxima/minima at the latencies of the selected peaks were identified. If the spatial 

maxima/minima fell within the boundary of the spatial ROI the SEP was finally considered 

present. 
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Results 
 

Mechanical stimulation of the left and right hand and foot consistently evoked a sequence 

of four SEPs: P1, N2, P2 and N3 (Fig 4-1). The latencies of the peaks were at 

approximately P100-N150-P230-N440 for the hands and at P50-N160-P300-N450 for 

the feet. 

 

4.4.1 The short-latency potential is already established from 34 weeks corrected 

gestational age 

 

P1 was recorded in 87.9% of the test occasions following hand stimulation and 87.3% 

following foot stimulation independently of the CGA of the infants (hands: p = .287; feet: 

p = .312, Figs 4-4 and 4-5) with a stable amplitude (hands (2.4 ± 0.6 µV [mean ± SD]): p 

= .839; feet (2.3 ± 0.7 µV): p = .312). When recorded, P1 had a stable topography (DISS 

vs CGA, hands: p = .166; feet: p = .672) which was maximal contralaterally 98.0% of the 

times for the hands and at the midline 97.9% of the times for the feet independently of 

CGA (hands: p = .332; feet p = .139, Figs 4-6 and 4-7). 
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Figure 4-4: Somatosensory-evoked potentials occurrence in response to the stimulation of the 

hands according to corrected gestational age  

Upper panel: illustrative mean response recorded at the midline and contralateral pericentral 

electrodes in four age groups (pre-term, early-term, full-term and late-term) (Table 6). Bottom 

panels: occurrence of each potential in respect to CGA and significance of the correlation. Grey 

dots represent mean occurrence in one-week windows (calculated only for illustrative 

purposes), the red solid line is the logistic regression curve and the dashed red lines delimit the 

95% confidence interval. 
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Figure 4-5: Somatosensory-evoked potentials occurrence in response to the stimulation of the 

feet according to corrected gestational age  

See caption for Figure 4-4 above. 

 

 

4.4.2 The long-latency potentials mature over the late pre-term and perinatal period 

 

N2 was recorded in 84.5% of the test occasions following hand stimulation and 92.7% 

following foot stimulation independently of CGA (hands: p = .445; feet: p = .121, Figs 4-

4 and 4-5). The amplitude following hand stimulation decreased from 2.6 µV before 36 

weeks to 2.3 µV after 41 weeks (p = .018), but remained stable following foot stimulation 

(p = .633). The N2 topography following hand stimulation changed with age (DISS vs 

CGA, p = .023) with a shift from contralateral (100% before 36 weeks CGA) to midline (p 

= .014, Fig 4-6). When recorded, N2 following foot stimulation had a stable topography 

(DISS vs CGA, p = .169) which was maximal at the midline 96.1% of the times 

independently of the CGA (p = .443, Fig 4-7). 
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P2 was recorded in 91.4% of the hand stimulations independently of CGA (p = .776), but 

in only 22.2% of the foot stimulations before 36 weeks CGA and increased in occurrence 

with CGA (p = .008, Figs 4-4 and 4-5). However, when present, the N2 following hand or 

foot stimulation remained stable in amplitude (hands (2.3 ± 0.5 µV): p = .864; feet (2.6 ± 

0.5 µV): p = .674) and topography (DISS vs CGA, hands: p = .122; feet: p = .378). This 

was maximal at the midline for both hands (94.3%) and feet (90.9%) independently of 

the CGA of the infants (hands: p = .116; feet: p = .313, Figs 4-6 and 4-7). 

 

N3 was recorded following 84.5% of the hand stimulations independently of CGA (p = 

.115, Fig 4-4), with a stable amplitude (-2.3 ± 0.5 µV: p = .835), but its topography 

changed with age (DISS vs CGA, p = .005) with a shift in the incidence of its distribution 

from contralateral (100% before 36 weeks CGA) to midline (p = .004, Fig 4-6). N3 was 

not recorded in any of the foot stimulations before 36 weeks CGA and increased in 

occurrence with CGA (p = .001, Fig 4-5). When present, N3 following foot stimulation 

remained stable in amplitude (-2.5 ± 0.6 µV: p = .614) and topography (DISS vs CGA, p 

= .852), which was maximal at the midline 92.3% of the times independently of the CGA 

(p = .754, Fig 4-7). 
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Figure 4-6: Development of the topographical distribution of the somatosensory-evoked 

potentials in response to the stimulation of the hands 

Upper panel: illustrative mean topographical distribution within four age groups (pre-term, early-

term, full-term and late-term) (Table 6). The colour scale is normalised to the maximum absolute 

value within each map. Bottom panels: occurrence of topographies ‘similar’ to the topography in 

the subset of late-term infants at CGA ≥ 42 weeks and occurrence of midline topographies in 

respect to CGA at time of study. Grey dots represent mean occurrence of ‘similar’ (upper graphs) 

or midline topographies (lower graphs) in one-week windows (calculated only for illustrative 

purposes), the red solid line is the logistic regression curve and the dashed red lines delimit the 

95% confidence interval. 
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Figure 4-7: Development of the topographical distribution of the somatosensory-evoked 

potentials in response to the stimulation of the feet  

See caption for Figure 4-6 above. 

 

 

Additional source localisation of these data by Dr Christos Papadelis - in collaboration 

with myself and Dr Lorenzo Fabrizi - showed that P1 had a somatotopic source in SI 

(contralateral: hands, medial: feet), while in contrast P2 had a midline pericentral 

source for both hands and feet (no reliable source localisation for N2 and N3; detailed 

in my co-authored paper #6 in Appendix B. 
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Discussion 
 

I mapped the maturation of the hierarchical processing of tactile inputs in the developing 

human brain from the late pre-term stage (34-36 weeks CGA) to full-term age (up to 42 

weeks CGA) using SEPs. I found that mechanical stimulation of hands and feet evokes 

a sequence of four deflections representing different levels of this hierarchy: P1, N2, P2 

and N3. While the short-latency P1 (lowest processing level) is already developed at 34 

weeks CGA, the later potentials (higher processing levels) mature between 34 and 42 

weeks CGA. Here I frame my results within existing evidence from studies which used 

other imaging techniques in neonates (e.g. fMRI and magnetoencephalography (MEG)) 

and adults, and animal studies.  

 

4.5.1 Short-latency: P1  

 

P1 can be recorded following median and tibial nerve electrical stimulation by at least 33 

weeks CGA (Gilmore et al., 1987; Hrbek et al., 1973; Karniski et al., 1992; Pike et al., 

1997) and, in adults, has been attributed to generators in SI, potentially in Brodmann’s 

Area (BA) 3b (Allison et al., 1992; Papadelis et al., 2011), representing the arrival of the 

peripheral afferent input to the cortex (Papadelis et al., 2012). This confirms that 

thalamic-SI pathways for both upper and lower limbs are already in place and functional 

by this point, consistent with evidence of maturity of these tracts according to other 

functional imaging modalities (Gibson et al., 2006) and post-mortem measures (Flower, 

1985; Volpe, 2009). Here I confirm that the same P1 potential can be evoked with 

mechanical stimulation of hands and feet from 34 weeks CGA,  allowing somatotopically 

organised information to be available for processing within higher-order brain regions: a 

pre-requisite of hierarchical somatosensory processing (Thivierge and Marcus, 2007). 

Indeed, animal models confirm that hierarchical propagation of somatosensory-evoked 

cortical activity depends upon this initial activation (Quairiaux et al., 2011). 

 

4.5.2 Long-latency: N2 

 

N2 emerges over the last trimester of gestation and can be evoked with hand and foot 

stimulation from as early as 31-34 weeks CGA (Pike et al. 1997; Karniski et al. 1992, 

Fabrizi et al. 2011, Hrbek et al. 1973, Taylor 1996). At full-term, it is maximal at the vertex 

and thought to be generated from bilateral post-central gyrus (Karniski et al. 1992). Here 

I show that, even if present for hands and feet at 34 weeks CGA, the N2 electric field 
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changes with development as the main negative peak shifts from an early purely 

unilateral distribution to more midline at full-term.  

 

The contralateral topography of N2 to hand stimulation and midline topography to foot 

stimulation in the youngest group are consistent with the somatotopic representation of 

the body in SI. The observed shift in topography to hand stimulation could then represent 

an increase in the involvement of the ipsilateral homologous region in the generation of 

this potential, as the electric field from both hemispheres summate at the midline, while 

cancelling out elsewhere (Scherg and Von Cramon, 1985). Such a developmental 

change would not be observed following foot stimulation because of the proximity of the 

contra and ipsilateral representation of this body part in SI. While P1 is likely generated 

by BA 3 in SI which does not receive callosal connections even in adulthood and 

therefore remains a lateralised potential throughout life (Shanks et al., 1985), the latency 

and largely symmetrical topography of N2 at full-term would be consistent with a source 

beyond BA 3, such as BA 2, which is still within SI but receives connections from the 

homologous region of the other hemisphere allowing a first bilateral integration of 

somatosensory information (Keysers et al., 2010). In line with this idea, functional and 

structural studies in humans and animal models have highlighted the emergence of 

interhemispheric communication over the equivalent of the last trimester of human 

gestation (Allievi et al., 2015; Erberich et al., 2006; Kozberg et al., 2016; McVea et al., 

2012; Quairiaux et al., 2011; Seggie and Berry, 1972; Yang et al., 2009). In the context 

of emerging interhemispheric connectivity, the decreasing amplitude of the N2 observed 

here is concordant with increasing interhemispheric inhibition, which is mediated by the 

corpus callosum in animal models (Marcano-Reik et al., 2010). Indeed the comparable 

auditory-evoked N2 also decreases in amplitude from 33 weeks to term CGA (Monod et 

al., 1971). 

 

Unlike the P1 which has a consistent topography across development, the N2 reflects a 

clear change between the pre-term and late-term period at this second level of the 

somatosensory hierarchy. The maturation of this processing level, which potentially 

allows the discrimination of bilateral tactile stimuli, occurs over the period at which birth 

into the extra-uterine environment is due (37-40 weeks). As this is the age at which 

feeding begins, during which infants typically grasp the breast with their palms (Colson 

et al., 2008), the ability to integrate bilateral somatosensory input would be 

advantageous. 
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4.5.3 Long-latency: P2 

 

P2 emerges over the last trimester of gestation, can be evoked with hand and foot 

stimulation and, at full-term, is maximal at the vertex (Fabrizi et al., 2011; Hrbek et al., 

1973; Nevalainen et al., 2015). Here I show that P2 is already established for the upper 

limbs at 34 weeks CGA, but is still emerging for the lower limbs, providing the first 

evidence of a rostro-caudal developmental gradient of somatosensory functions in 

humans. Moreover, considering that N2 is already established while P2 is still emerging, 

this indicates a hierarchical developmental gradient, where higher levels of the 

somatosensory processing stream develop later. This is in line with rodent models which 

demonstrate new later components within the somatosensory response from P16 

(Quairiaux et al., 2011). 

 

The earlier development of the P2 to hand stimulation, compared to foot stimulation, 

could arise from faster maturation of cortico-cortical pathways from hand areas of SI to 

other associative areas. In line with this, in rat pups SI cortex is only clearly separated 

into columns, thus facilitating efficient outputs, for their most important body surfaces 

(vibrissae and forelimbs) (Armstrong-James, 1975). Equivalent preferential development 

of upper limb somatosensory circuits is indicated in humans by the fact that, perinatally, 

only the pericentral gyri corresponding to hand representations are myelinated 

(Barkovich et al., 1988). Fine hand function is advantageous as soon as infants enter the 

extra-uterine environment, e.g. for breast-feeding as described above.  

 

The vertex topography and midline pericentral source of the P2 for both hands and feet 

would be consistent with a medial cortical generator with no somatotopic arrangement 

such as the Supplementary Motor Area (SMA), which is involved in motor preparation 

(Cunnington et al., 2003; Mima et al., 1999) and is strongly integrated into the 

somatosensory response in infants from 34 weeks (Allievi et al., 2016), adults (Burton et 

al., 1993; Ruben et al., 2001) and non-human primates (Wong et al., 1978). In adults, 

SMA can respond to contralateral and ipsilateral somatosensory stimulation and is 

therefore capable of bilateral activation following unilateral stimulation. In infants, inter-

hemispheric functional connections between the right and left SMAs are in place from 

the late pre-term period (Barkovich et al., 1988; Smyser et al., 2010), facilitated by the 

accelerated development of the callosal tracts linking the frontal lobes from 33 weeks 

(Rakic and Yakovlev, 1968). Scalp topography would not reflect these developmental 

changes because of the proximity to the midline of the SMAs.  
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Moreover, activation of SMA is likely to occur in parallel with activation of the secondary 

somatosensory cortex (SII) and posterior parietal cortex (BA 5 and 7) which subserve 

tactile object recognition, internal body image, and integrate somatosensory with visual 

information to facilitate eye-hand coordination (Dijkerman and Haan, 2007; Kandel et al., 

2000b; Keysers et al., 2010; Leib et al., 2016). SII opercular and posterior parietal 

cortices are structurally interconnected and, in adults, are simultaneously active at 50–

140 ms after a somatosensory stimulus (Allison et al., 1989; Keysers et al., 2010; 

Mauguière et al., 1997). In line with this, MEG experiments - which are more sensitive to 

opercular generators - have also identified activation of SII cortex at a comparable 

latency to our P2 following taps to the hand of infants ≥38 weeks CGA (Nevalainen et 

al., 2015). Taken together, the P2 potential could be associated with activation of a SMA 

source, which is likely to occur together with activation of SII and posterior parietal cortex 

supporting parallel processing streams by full-term age. 

 

4.5.4 Long-latency: N3 

 

The N3 potential is scarcely reported in the literature. Here I show that in pre-term infants 

the N3 is evoked by hand but not foot stimulation, reinforcing the idea that upper limb 

pathways within the higher levels of the somatosensory hierarchy mature earlier. 

However, this potential follows a similar developmental topographic shift to N2 which 

suggests an increasingly bilateral cortical generator and therefore an initially immature 

hand response too. Taken together, these findings indicate that this potential is the latest 

to mature which is consistent with it representing the very highest level of somatosensory 

processing for newborn infants. The similar topographic shift to N2 suggest a shared or 

nearby generator in SI. Forward projections to associative areas from SI are reciprocated 

by backward projections (Cauller et al., 1998; Friedman, 1983), so the N3 recorded here 

could represent a successive re-activation of the neuronal population that earlier 

generated the N2. This would explain its late-maturation, as feedback projections 

develop after feedforward ones (Berezovskii et al., 2011). Top-down re-activation is 

hypothesised to bind together parallel streams of sensory feature analysis, and predict 

future sensory inputs (Berezovskii et al., 2011; Cauller et al., 1998). 

 

4.5.5 Validating a new sensor to further investigate the rostro-caudal development of 

somatosensation 

 

Above I discussed the rostro-caudal development of the highest tiers of somatosensory 

processing, from upper to lower limbs. However in neonatal animals this gradient starts 
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from the face (McCandlish et al., 1993; Pluto et al., 2003; Seelke et al., 2012). When I 

conducted the experiments described above, I did not have access to a stimulator 

suitable for gently stimulating the facial area. However, since then I have collaborated 

with Alessandro Donadio under the supervision of Professor Etienne Burdet and Dr 

Lorenzo Fabrizi, to validate such a sensor (Fig 4-8). I tested this sensor on seven infants 

who had a mean CGA of 35+6 weeks+days (range 33+6 - 37+1); 4/7 female). Tapping 

the face evoked a similar temporal sequence of SEPs to hand stimulation, indicating that  

hierarchical somatosensory processing of facial stimuli, like hand stimuli, was in place 

from 34 weeks CGA; detailed in my co-authored paper #7 in Appendix B. 

 

 

 
Figure 4-8: Sensor designed for gently stimulating the facial area 

 

 

Together, the results in this and the previous chapter demonstrate that rudimentary 

cortical responses are in place from very pre-term CGA, are somatotopically distributed 

and of relatively high amplitude, while the higher rungs of somatosensory processing 

follow a rostro-caudal developmental trajectory, increasingly involve the ipsilateral 

hemisphere, and are only fully established towards full-term age. Figure 4-10 

summarises my findings in the context of the existing evidence. 
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Figure 4-9: Summary figure of Chapters 3 and 4 results, within the context of the current 

evidence 

Summary of evidence about the maturation of somatosensory processing. On the right-hand 

side, possible generators of each somatosensory-evoked potential are summarised (SI – 

primary somatosensory cortex; SMA – supplementary motor area; PPC – posterior parietal 

cortex; SII – secondary somatosensory cortex).  

 

 

4.5.6 Limitations and future directions 

 

In this study, short-latency evoked potentials were already present following hand, face, 

and foot stimulation from 33 weeks CGA. Therefore, a limitation of my design is that I 

was unable to test whether the somatosensory cortex first responds to stimulation of 

rostral body areas – which would more directly translate the animal literature. However, 
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the emergence of long-latency evoked potentials - which indicate hierarchical processing 

of somatosensory information beyond Brodmann’s Area 3, according to intracortical 

human studies (Allison et al., 1992) - did follow a rostro-caudal developmental gradient. 

My data then supports my hypothesis that (long-latency) somatosensory cortical 

processing matures earlier for rostral than caudal body surfaces in humans as well as 

rodents. 

 

In addition, the emergence of hierarchical processing occurred relatively abruptly, at the 

beginning of the age range studied. It would have been advantageous if the age range 

had extended down to 33 weeks CGA, so that this evolution could have been better 

characterised, which would have strengthened my decision to statistically treat its 

emergence as continuous (Fig 4-5). 

 

Conclusion 
 

As I hypothesised, long-latency SEPs – which reflect hierarchical processing – 

dynamically emerge during the late pre-term and perinatal period, following a rostro-

caudal profile. The known structural entry of callosal fibres into the cortex from 33 weeks 

is reflected by functional changes in the topography of these long-latency potentials over 

the subsequent weeks, consistent with emerging involvement of the ipsilateral 

hemisphere. In line with anatomical evidence of relatively late structural maturation of 

cortico-cortical connections, the results are suggestive that the most pronounced 

developmental trend across this period is the functional integration of cortical circuits 

beyond contralateral primary cortex. Such circuits may subserve early sensorimotor 

behaviours like grasping which rely upon feedforward/back somatosensory pathways. 

 

In addition to early behavioural landmarks like grasping, another milestone of the 

neonatal period is the establishment of organised sleep-wake cycling. Just as 

somatomotor functioning is underpinned by thalamo- and cortico-cortical structural 

connections, behavioural state-dependent cortical activity is underpinned by structural 

connections from the brainstem which synapse on cortex of different maturity (e.g. 

sensory vs. association cortex). The final chapter of my thesis is devoted to addressing 

the emergence and regional organisation of this second, and complementary, aspect of 

brain functioning. 
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5. Spontaneous regional oscillatory activity 
across sleep-wake states 
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Introduction 
 

In adults, wakefulness and sleep states are each associated with different cortical 

patterns (Davis et al., 2016; Larson-Prior et al., 2009; Nishida et al., 2004; Tinguely et 

al., 2006). For example, wakefulness is characterised by occipital alpha activity which 

is thought to be associated with cognitive capacity (Klimesch, 1999) while non-REM 

sleep (adult equivalent of quiet sleep) is associated with central spindle activity which 

plays a role in memory consolidation (Lindemann et al., 2016). These segregated 

cortical functions are likely to play a complementary role, for example information 

experienced during wakefulness is efficiently consolidated as memory when the brain 

is ‘off-line’, i.e. sleeping (Abel et al., 2013).  

 

In neonates, neural oscillations can also be used as an index of emergent mature 

state-dependent cortical functioning (Benders et al., 2015; Colonnese et al., 2010; 

Natalucci et al., 2013). For example in Chapter 3 I showed that alpha-beta oscillations 

can be considered an index of immature brain activity, as they decline with CGA, in 

accordance with previous reports (Bell et al., 1991; Knyazev, 2012; Tolonen et al., 

2007). On the other hand, theta oscillations are considered a marker of more mature 

neonatal brain activity (Castro-Alamancos et al., 1995; Dickson, 2010; Lehtonen et al., 

2016; Tokariev et al., 2015; Tolonen et al., 2007).  

 

The structural connections which underpin state-dependent cortical activity are in place 

from approximately 30 weeks gestation (Kostović, 1986; Kostović et al., 2002; Levitt, 

2003; Olson et al., 1973), in line with reports that EEG patterns start to differ between 

quiet and active sleep (especially in degree of discontinuity) between 30-34 weeks 

(Curzi-Dascalova et al., 1993; Graven, 2006; Parmelee et al., 1967). These ascending 

connections from sleep-wake control centres will synapse on cortical regions of differing 

maturity (Kostovic and Rakic, 1990; Paredes et al., 2016; Petanjek et al., 2011). In line 

with this, there are region-specific effects of vigilance state on cortical activity in neonatal 

animals (Adelsberger et al., 2005; Mukherjee et al., 2017; Seelke and Blumberg, 2010, 

2008), but it is unknown whether this is also the case for human infants. Further, although 

adult studies indicate it is the complementary interplay of cortical patterning during sleep 

and wakefulness which subserves cortical functions like memory consolidation, neural 

activity during wakefulness in human infants has been very little studied (Apkarian et al., 

1991; Lehtonen et al., 2016; Meyer-Lindenberg, 1996; Willekens et al., 1984).  
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Experimental aims 
 

Here I first investigated the developmental trajectories of regional cortical oscillations in 

wakefulness, active sleep, and quiet sleep as a function of biological age (CGA). The 

hypothesis was that, for sleep and wakefulness, the emergence of state-specific 

cortical patterns will follow a regional gradient. I recruited a large enough sample of 

healthy infants to secondly investigate whether there was an influence of postnatal age 

(PNA) on these same trajectories; PNA has been associated with decreasing power of 

resting cortical oscillations, but in previous studies this purported relationship has been 

confounded by the infants of greater PNA being also sick or at high-risk of adverse 

neurodevelopment (Eisengart et al., 1970; Johnston and Stevens, 1996; Parmelee et 

al., 1969; M.S. Scher et al., 1994).  

 

Methods 
 

5.3.1 Subjects 

 

115 pre-term and full-term infants were included in this study (Table 7). 

 

Table 7: Demographics of the sample population 

n = 115 infants 

Median (range) CGA (weeks+days) 38+6 (34+0 – 43+1) 

Pre-term CGA: n = 38; Term CGA: n = 

77 

Median (range) PNA (days) 3 (0.5-17) 

Sex (% female) 47.8% 

Median (range) birth weight (g) 2880 (1550-4320) 

Multiple gestation neonates 14.8% 

CGA = corrected gestational age; PNA = postnatal age 

 

 

5.3.2 Analysis 

 

EEG was continuously recorded at rest, and sleep-wake staged according to observed 

behaviour, respiratory rate, and presence/absence of EEG continuity into wakefulness, 

active sleep and quiet sleep (sub-classified as tracé alternant or slow wave EEG 

pattern) (described in Chapter 2.5). Sections of indeterminate sleep were discarded 
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from further analysis. As not all infants cycled through all the sleep-wake states during 

the recording period, wakefulness, active sleep, quiet sleep: tracé alternant pattern, 

and quiet sleep: slow wave pattern was obtained in 38/115, 108/115, 79/115, and 

37/115 test occasions respectively.  

 

I assessed whether the incidence of sleep-wake states captured varied according to 

the CGA or PNA of the infants with a binary logistic regression using the Enter Method. 

In line with previous reports that tracé alternant is gradually replaced by the slow wave 

pattern, the likelihood of the slow wave pattern of quiet sleep being captured doubled 

with every week of CGA while the likelihood of the tracé alternant pattern of quiet sleep 

being captured slightly diminished (p ≤ .005; Exp(B) slow wave = 2.06, Exp(B) tracé 

alternant = .78) (Dreyfus-Brisac, 1975; Holmes and Lombroso, 1993).  

 

Twelve-second artefact-free epochs, during which the infants were not undergoing any 

stimulation, were extracted from each of the sleep-wake state sections. Alongside 

active sleep and wakefulness, I analysed the tracé alternant pattern of quiet sleep (Fig 

2-4) because it was present in more infants, in line with other studies (Tolonen et al., 

2007). The median number (inter-quartile range) of epochs included for each infant 

was: wakefulness = 7 (2-14), active sleep = 17 (7-32), and quiet sleep = 16 (9-33). For 

each epoch, baseline correction was used to remove DC offset. The power spectrum 

(µV2) was calculated for each channel and epoch, using a Hanning window to reduce 

spectral leakage. This was then averaged across all the epochs within a sleep-wake 

state per infant, leading to a single power spectrum per sleep-wake state per subject.  

  

The power in slow delta (0.2-2Hz), theta (4-6Hz), and alpha-beta (8-20Hz) frequency 

bands was then extracted for the channels overlying midline central, right and left 

frontal, central, mid-temporal, posterior-temporal and occipital cortex (Fig 5-1) (right 

and left channels for lateral sites averaged, after checking that there was no statistically 

significant difference in the power between hemispheres, in line with other literature 

(Tokariev et al., 2019)). I evaluated the influence of CGA and PNA on the power of 

each frequency band with multivariable linear regression modelling using the Stepwise 

Method. My model used the power of each frequency band, for every region in every 

state, as the dependent variable with two possible explanatory variables: CGA and 

PNA. I report beta weights (standardised regression coefficients) for each model so 

that, in the case of a model in which the power of a frequency band is related to both 

CGA and PNA, the two independent variables can be directly compared in order to 

determine the predominant factor (beta weights indicate by how many standard 
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deviation units the dependent variable will change for a one standard deviation change 

in the independent variable).  

 

 

 

Figure 5-1: Experimental protocol for extracting the power content in each frequency band 

For display purposes alpha-beta oscillations are scaled at 200% compared to the delta and 

theta oscillations because they are of low voltage. 

 

 

Throughout data are plotted for the posterior-temporal and occipital regions because 

my key findings relate to these areas, while the results for all regions are reported in 

the text. When both PNA and CGA were associated with the power of a frequency 

band I provide a visual representation of the interaction between the influence of PNA 

and CGA by plotting the power of the frequency band against CGA for lower PNA (0.5-

2 days; median: 2 days) and higher PNA (3-17 days; median: 5 days) sub-groups.  

 

I next investigated the emergence of state-specific cortical activity, by testing whether 

there was a redistribution of the frequency content between sleep-wake states with 

CGA. I assessed this by analysing power in each frequency band at every region and 

testing for an interaction between sleep-wake state and CGA group (pre-term vs. term) 

using a two-way analysis of variance (ANOVA). I confirmed my findings by performing 

the same tests in a sub-group of 21 infants (pre-term n = 9; term n = 12) who had 

cycled through all three sleep-wake states during the recording, using a repeated 

measures ANOVA so that states could be compared within-subject. The Huynh-Feldt 

correction method was used if the assumption of sphericity was not met by the data. In 

order to control for the risk of a type I error due to multiple comparisons, statistical 

significance threshold was set to 0.01 for all tests. 
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Results 
 

5.4.1 Delta power decreases with corrected gestational age in wakefulness and active 

sleep 

 

Delta power decreased with CGA in wakefulness and active sleep, but not in quiet 

sleep (Fig 5-2). In wakefulness, this decrease was specific to the temporal region 

(posterior-temporal: R2 .361, beta -.601; mid-temporal R2 .216, beta -.465; model fits p 

≤ .003). In active sleep, this decrease was again more pronounced over the posterior-

temporal area, but also widespread (posterior-temporal: R2 .610, beta -.787; all other 

areas except frontal and midline central: R2 .174 to .401, beta -.418 to -.633; model fits 

p <.001).  

 

The developmental profile of delta power was largely independent of PNA, which only 

contributed slightly to the decrease in delta power over the posterior-temporal area in 

active sleep (introduction of PNA significantly improves the R2 of CGA-only model (p = 

.007) although PNA beta was just -.171; two-factor model fit p <.001; no collinearity 

between CGA and PNA: r -.139; p = .075). 

 

In quiet sleep, there was a slight increase in delta power with CGA, specific to the 

midline central region (R2 .084, beta .290, model fit p = .009). 
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Figure 5-2: Delta power decreased with increasing corrected gestational age in wakefulness 

and active sleep, but not in quiet sleep  

Scatter plot of delta power over the posterior-temporal and occipital region against corrected 

age for each subject, and line of best fit. Beta values for the linear regression are reported only 

when significant (p < .01). 

 

 

 

5.4.2 Theta power increases with corrected gestational age in sleep 

 

Theta power was associated with an opposite developmental profile compared to delta 

power, increasing with CGA only in sleep and especially quiet sleep for every region 

(quiet sleep: R2 .218 to .478, beta .467 to .691, model fits p <.001 for every region; 

active sleep: R2 .062 to .107, beta .221 to .312, model fits p ≤ .009 for every region 

except frontal), while un-associated with PNA (Fig 5-3).  
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Figure 5-3: Theta power increased with corrected gestational age in quiet and active sleep, but 

not in wakefulness  

Scatter plot of theta power over the posterior-temporal and occipital region against corrected 

age for each subject, and line of best fit. Beta values for the linear regression are reported only 

when significant (p < .01).   

 

 

5.4.3 Occipital alpha-beta power decreases with postnatal age in every state 

 

Alpha-beta power resembled delta power by decreasing with CGA in active sleep, but 

decreased most steeply with PNA for every region except mid- and posterior-temporal 

(R2 with both factors .162 to .334, PNA beta -.311 to -.453, CGA beta -.195 to -.519, 

model fits p <.001) (Fig 5-4). Figure 5-5 illustrates the additive effect of PNA and CGA 

on occipital alpha-beta activity in active sleep: power decreased with higher CGA but 

lower power values were reached at an earlier CGA for infants with a higher PNA. 

 

The decrease in occipital alpha-beta power with PNA was also present in wakefulness 

and quiet sleep, the only developmental finding seen in every sleep-wake state (R2 

≥.106, PNA beta -.326 to -.453, model fits p ≤ .009).  
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Figure 5-4: Alpha-beta power decreased with increasing postnatal age in every sleep-wake 

state, but only with increasing corrected gestational age in active sleep  

Scatter plot of alpha-beta power over the posterior-temporal and occipital region against 

corrected gestational age (upper panel) and postnatal age (lower panel) for each subject, and 

line of best fit. Beta values for the linear regression are reported only when significant (p < .01). 

One outlier dataset not shown in the wakefulness posterior-temporal scatterplots: corrected age 

= 41 weeks, 103µV2. 
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Figure 5-5: Occipital alpha-beta power in active sleep decreased with corrected gestational age 

but infants with a higher postnatal age (PNA) reached lower power values at an earlier 

corrected gestational age  

Scatter plot of alpha-beta power over the occipital region against corrected age for subjects with 

lower (green, n = 44, median = 2 days) and higher (blue, n = 64, median = 5 days) PNA, and 

lines of best fit for the two groups. The dashed lines represent an example to show that infants 

of higher PNA had an alpha-beta power value of 13 μV2 at 34 weeks corrected age, while 

infants of lower PNA did not reach this value until 43 weeks of age. 

 

 

5.4.4 Delta and theta power is redistributed between sleep-wake states with corrected 

gestational age 

 
After showing that there were state-specific changes in delta and theta power with 

CGA, I investigated whether this resulted in a redistribution of power between sleep-

wake states with CGA (Fig 5-6). Delta and theta power were redistributed between 

states from pre-term to term age for mid- and posterior-temporal and occipital regions 

(state*age group interaction p < .001), which was more widespread for theta power 

(frontal and central regions p < .001) (Fig 5-6). This redistribution of power with CGA 

could also be appreciated in a sub-group of 21 infants who had cycled through all three 

states during the recording (i.e. using a within-subject comparison of states) (state*age 

group interaction mid-temporal region: delta p = .006, theta trend p = .015). In line with 
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the minimal effect of CGA on alpha-beta power, there was no redistribution of power 

between states with CGA in that frequency band. All results are summarised in 

graphical form in Figure 5-7. 

 

 

 

 
Figure 5-6: Sleep-wake states had a distinctive neural frequency signature at full-term, not yet 

seen at pre-term: delta and theta power were redistributed between sleep-wake states  

Mean delta power (left panel) and theta power (right panel) across sleep-wake states in 

corrected pre-term and term infants. Error bars = 95% confidence intervals. 
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Figure 5-7: Summary figure of Chapter 5 results  

Linear relationship is defined as less than -.2 or more than .2 standardised beta for negative 

(denoted by ↓) and positive (denoted by ↑) relationships respectively. Red shading indicates 

negative linear relationship. Dark red shading indicates strongly negative linear relationship 

(less than -.6 standardised beta). Green shading indicates positive linear relationship. Dark 

green shading indicates strongly positive linear relationship (more than .6 standardised beta). 

Grey shading indicates statistically significant state*age group interaction, reflecting a 

redistribution of power between sleep-wake states from corrected pre-term to term age. CGA = 

corrected age; PNA = postnatal age. 

 

 

Discussion 
 

Here I show that the developmental trajectories of delta and theta activity are state-

dependent and follow a regional gradient: delta activity declines in wakefulness and 

active sleep, especially over the posterior-temporal area; and theta activity increases in 

quiet sleep, also with a posterior emphasis. Meanwhile the decrease in alpha-beta 

oscillations overlying occipital cortex is mostly associated with postnatal age in every 

sleep-wake state. 

 

5.5.1 State-dependent developmental trajectory of delta oscillations 

 

My result that background delta activity decreases with CGA confirms previous findings 

(Bell et al., 1991; Knyazev, 2012; Tolonen et al., 2007). Here I show that this decrease 

is specific to wakefulness and active sleep, while delta activity in quiet sleep persists at 
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a similar level, or slightly increases. Persistence of delta activity during quiet sleep, 

indicates that it continues to serve an important role in this state. In quiet sleep the 

ability of delta oscillations to synchronise large cortical networks, and its involvement in 

synaptic pruning, may support the cortico-cortical synaptogenesis occurring during this 

developmental period (Abel et al., 2013; Marshall et al., 2006; Muller et al., 2018). In 

particular, delta activity during quiet sleep is proposed to mediate memory formation 

(Abel et al., 2013; Marshall et al., 2006), an essential capacity throughout life from the 

newborn period onwards (Tarullo et al., 2016). In addition, animal models indicate that 

higher delta power in non-REM sleep is associated with greater arousal threshold, 

thereby protecting sleep (Murray and Campbell, 1970; Neckelmann and Ursin, 1993). 

These offer possible explanations of why delta rhythms in quiet sleep are maintained 

across early development (in adulthood, only about a third of non-REM sleep (stage 3) 

comprises prominent delta activity) (Grigg-Damberger, 2016). 

 

I demonstrate that when delta activity does decrease with CGA (in active sleep and 

wakefulness), this is most pronounced in the posterior-temporal region, confirming that 

this area exhibits relatively immature cortical activity patterns during the late pre-term 

period, in line with my preliminary data in 3.5.4. Posterior-temporal delta rhythms in 

pre-term infants are associated with insula (i.e. association cortex) activity, and these 

delta oscillations decrease as the insula enters a phase of accelerated maturation 

(paper #2 in Appendix B). Therefore decreasing posterior-temporal delta rhythms could 

indicate maturation of association cortex towards the end of the equivalent of gestation. 

This is in line with evidence that sensory networks are relatively mature by late pre-

term age, while association cortices are still developing (Doria et al., 2010; 

Huttenlocher and Dabholkar, 1997). Declining delta activity with CGA in active sleep 

may be a necessary feature of normative neurodevelopment because, in a neonatal 

cohort at high risk of adverse neurodevelopment, delta activity increased with age in 

active sleep (Shellhaas et al., 2017). 

 

5.5.2 State-dependent developmental trajectory of theta oscillations 

 

My data confirms previous and contemporary studies that theta activity increases with 

CGA (Castro-Alamancos et al., 1995; Dickson, 2010; Lehtonen et al., 2016; Pillay et 

al., 2020; Tokariev et al., 2015; Tolonen et al., 2007). Together with my demonstration 

in Chapter 3 that theta activity is not involved in the immature movement-related 

cortical response observed in pre-term infants, unlike delta and alpha-beta activity, 
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these results indicate that theta activity can be considered a mature rhythm of the 

newborn brain.  

 

I show that the increase in theta activity with CGA is specific to sleep, especially quiet 

sleep, and not present for wakefulness. As theta activity facilitates synaptic plasticity, 

with long-term potentiation organised around the phase of the theta wave (Kahana et 

al., 2001), its increasing power with age, only seen in sleep, could reflect expanding 

sleep-specific brain functions. In adults, theta activity is prominent in REM sleep but 

extremely scarce in non-REM sleep (Cantero et al., 2003; Hayashi et al., 1987; Nishida 

et al., 2004). This pattern does not hold in my neonatal cohort, emphasising the need 

for models which interpret the functional role of neural oscillations within a 

developmental framework. 
 

Overall, quiet sleep shows a unique developmental profile compared to the other sleep-

wake states with increasing theta activity and maintained delta activity (Fig 5-6). This 

age-related divergence of cortical activity patterns between quiet sleep on the one 

hand, and wakefulness and active sleep on the other, could reflect the emergence of 

the specific cortical patterning in quiet (non-REM) sleep observed in adulthood (Abel et 

al., 2013; Marshall et al., 2006). 

 

5.5.3 State-independent developmental trajectory of alpha-beta oscillations 

 

In contrast to delta and theta activity, the developmental trajectory of alpha-beta 

oscillations little differs between sleep-wake states. Its developmental profile is also 

unique in that PNA, more than CGA, is specifically associated with a dramatic 

decrease in alpha-beta oscillations in neonates: the evolution over a median of 3 days 

of PNA was equivalent to that over up to a whole 9 weeks of CGA. These very 

conspicuous effects of PNA on cortical activity have recently been independently 

replicated (my work in this chapter was published in 2018) by a different research 

group: they found almost exactly the same trend (3 days of postnatal age was 

equivalent to up to 7-8 weeks of CGA) (O’Toole et al., 2019). Also supportive that 

alpha-beta oscillations in particular are sensitive to PNA, a previous study found that 

only oscillations in the alpha-beta range were significantly reduced in every sleep-wake 

state in those infants of greater PNA (M.S. Scher et al., 1994).  However, that previous 

study assessed the effect of PNA in very pre-term infants grown to term age, the mean 

PNA was approximately 62 days, and therefore the influence of PNA per se was 

impossible to separate from the confounding effect of intensive care admission (Slater 
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et al., 2010). Here I show for the first time that in healthy late pre-term and full-term 

infants even modest post-natal experience (up to 11 days) attenuates alpha-beta 

oscillations.  

 

In particular, I show that the occipital region is the only area in which this decrease is 

present for wakefulness, active and quiet sleep. Visual-evoked alpha-beta activity is 

maximal over the occipital region (Colonnese et al., 2010), and therefore it is plausible 

that resting-state alpha-beta activity over this same region reflects spontaneous activity 

of the visual network. In line with this, postnatal experience predicts the emergence of 

visual evoked potentials, and development of cortical binocularity and gaze following 

(Jandó et al., 2012; Peña et al., 2014; Schwindt et al., 2018; Taylor et al., 1987). One 

explanation for this is that visual input through open eyes only occurs postnatally, such 

that birth marks a profound expansion in visual experience: the eyes remain shut until 

birth whereas, after pre-term or full-term birth, 2-4% of neonatal life is spent with eyes 

open (in wakefulness) (Curzi-Dascalova et al., 1993; Korotchikova et al., 2009; 

Lagercrantz, 2016). Visual scanning during eyes-open wakefulness can evoke ‘lambda’ 

waves overlying visual cortex in newborn infants, demonstrating that the extra-uterine 

eyes-open state influences visual cortical functioning (André et al., 2010; Vaughan, 

1975). The association of visual experience with alpha-beta activity would be in line 

with a mouse model in which alpha-beta oscillations are prominent on the first day after 

eye opening but poorly defined after this (Shen and Colonnese, 2016). 

 

5.5.4 Limitations and future directions 

 

This chapter has some limitations. I recorded resting-state cortical activity, not time-

locked to a sensory stimulus. A limitation of this methodology is that – according to 

neonatal animal models - a proportion of this activity will in fact be evoked at the 

sensory periphery (Akhmetshina et al., 2016; An et al., 2014; Colonnese and Khazipov, 

2010; Hanganu et al., 2006; Khazipov et al., 2004; Murata and Colonnese, 2016; Yang 

et al., 2009). 

 

Further, I did not capture every sleep-wake state in every infant, resulting in uneven 

sample sizes for each state. This could have reduced my power to detect subtle 

differences in the developmental trajectories of cortical activity during these states.  

 

Conclusion 
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As I hypothesised, the emergence of state-dependent cortical functioning follows a 

regional gradient, in which slow frequency neural activity which may arise from 

posterior association cortex declines most rapidly over the late pre-term and early-term 

period. Meanwhile I also showed that a decrease in fast oscillations overlying visual 

cortex is mostly instead associated with post-natal sensory experience, in every sleep-

wake state. 

 

Existing models of sleep-wake architecture rely on oscillatory markers such as sleep 

spindles and alpha rhythms which do not emerge until 2 - 3 months of age (Grigg-

Damberger, 2016; Saby and Marshall, 2012) and are therefore not applicable to the 

newborn brain. By characterising the development of cortical activity in each sleep-

wake state in a large normative neonatal cohort, I show the important interaction 

between endogenous maturation (CGA) and sensory environmental influences (PNA). 
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6. General Discussion 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 



107 

 

Background to the thesis 
 

The equivalent to the third trimester of human gestation is characterised by rapid 

structural and functional brain development. In animal models, establishment of 

genetically guided structural connections alone is insufficient for healthy brain 

maturation, which requires sensory-evoked and spontaneous electrical activity during 

early life to refine functional circuits. Here I apply these insights to study two crucial 

functional systems in human infants: somatosensory and sleep-wake networks. We 

experience the world through our senses, and therefore the maturation of sensory 

processing is one of the most important milestones of brain development. As we 

acquire sensory experience, it is advantageous for us to consolidate its most important 

aspects in our memory. One of the most widely held hypotheses about the function of 

sleep is that it facilitates this process via state-dependent spontaneous cortical activity. 

The research described in this thesis addresses these important topics by investigating 

the developmental trajectory of sensory processing - focussing on the somatosensory 

modality - and of state-dependent spontaneous neural activity, in the weeks leading up 

to the time of normal birth.  

 

In adult humans, somatosensory input is processed in a hierarchical fashion: first the 

body location of the input is encoded by somatotopic neural activity, and then this 

information is processed by higher-order cortical areas. When I began this research, it 

was known that very pre-term infants had a rudimentary somatotopic cortical response 

to somatosensory input – increase in alpha-beta oscillations – and that full-term infants 

had a mature response comprising multiple neural potentials. However, how this 

transition might reflect the emergence of hierarchical cortical processing was unknown. 

 

In parallel with the transition from rudimentary to mature somatosensory responses, 

spontaneous cortical activity across sleep-wake states also changes throughout the 

perinatal period. In animal models, these developmental trajectories follow regional 

gradients, building upon structural scaffolds which themselves follow region-dependent 

maturational profiles. This spatial organisation consequently underpins the 

establishment of local functional networks. When I began this research, it was unknown 

whether these principles also hold for the development of state-dependent neural 

activity in human infants. In particular, brain activity during wakefulness had been very 

little studied, despite comprising a unique state (e.g. eyes open) with its own dominant 

motor activity patterns such as hiccups.  
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Summary of the results in this thesis 
 

In this thesis I have addressed many of the gaps in knowledge described above and 

made several original contributions to the field of developmental human neuroscience. I 

delineated multiple aspects of neural maturation which coincide with the period 

immediately prior to the average time of birth: 

 

Chapter 3 

• Key results: I show that reafferent somatosensory input following contraction of 

hand muscles is differentially encoded with age, with immature alpha-beta 

oscillations only prominently evoked in infants who are pre-term. I further 

identify that reafference associated with respiratory muscle contraction - 

hiccups - likewise evokes a cortical response in pre-term infants.  

• Significance: Contraction of limb and respiratory muscles provides afferent 

input to the developing human cortex, which could refine body maps. The 

developmental decline of certain movement-related cortical activity may indicate 

that refinement of these body representation maps is timed to occur prior to 

birth.  

Chapter 4 

• Key results: I show that externally delivered mechanical stimulation of the 

hand and face triggers long-latency evoked potentials earlier than for the foot, 

and that the topography of long-latency potentials following stimulation of the 

hand shifts from contralateral to midline.  

• Significance: These data are consistent with earlier development of 

hierarchical somatosensory processing for facial and upper limb body surfaces, 

and the emergence of bi-hemispheric integration of somatosensory information, 

just prior to the average time of birth.  
Chapter 5 

• Key results: The developmental decline of spontaneous delta activity is greater 

during wakefulness and active sleep than quiet sleep, which results in delta 

activity becoming state-dependent at full-term age. Immature spontaneous 

alpha-beta oscillations also decline with corrected gestational age, but similarly 

across sleep-wake states. Alpha-beta oscillations further differ from slower 

rhythms in being independently negatively associated with postnatal age. 

• Significance: By full-term age, slow cortical rhythms may have particular 

functional roles in each sleep-wake state. Postnatal sensory experience is 

independently associated with cortical activity changes. 
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In this chapter, I draw together all of my findings (Fig 6-1), identify parallels between 

them, and discuss and speculate on their implications in the wider context of the 

developing nervous system. 

 

Sensory periphery-evoked cortical activity 
 

There is a marked increase in sensory input following birth, which the brain must 

prepare for during the late gestational period. My data demonstrate that a remarkably 

rapid sequence of changes to sensory-evoked cortical activity occurs just prior to the 

average time of birth, which may lay the groundwork to process this sensory 

experience.  

 

I show that movement-related alpha-beta activity is present at very and moderately pre-

term and early-term CGA and disappears at the average time of birth. The timing of this 

disappearance is in line with animal models which also show very specific 

disappearances in sensory-evoked alpha-beta activity just before a marked increase in 

sensory input: in somatosensory cortex just prior to whisking (P11-13), and a few days 

later in visual cortex just prior to eye opening (P14) (Colonnese et al., 2010). Further, 

alongside declining power of somatosensory-related alpha-beta activity, I also 

observed that the tactile-evoked N2 potential - also relatively rudimentary, being in 

place as early as 33 weeks CGA - likewise declines in amplitude towards full-term. The 

most likely generator of both cortical patterns is SI (Fig 6-1). How might declining 

amplitudes of rudimentary SI cortical responses be associated with the onset of mature 

sensory processing? The immature thalamo-subplate-cortical plate network may 

initially be programmed to amplify somatosensory input in order to map the body 

surface across SI, during a period characterised by strong capacity for receptive field 

plasticity (Bourgeois and Rakic, 1993; Mrzljak et al., 1988; Murata and Colonnese, 

2016). This could then result during early development in high amplitude somatotopic 

alpha-beta oscillations and cortical potentials, especially the N2 (Karniski et al., 1992; 

Pihko and Lauronen, 2004; Pike et al., 1997). The declining amplitude of these cortical 

responses at term would then imply that thalamo-cortical mapping is waning in 

importance once cortical body representations are established (Volpe 2009; Flower 

1985; Burkhalter, Bernardo, and Charles 1993).  

 

I demonstrate that the emergence of this hierarchical sensory processing follows a 

rostro-caudal trajectory, but that higher-order processing of somatosensory input to all 
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body parts investigated emerges prior to the average time of birth (40 weeks): hand 

and face at 33 weeks CGA and foot at 37 weeks CGA. Characterising the exact 

timeline of these changes could help to inform models of pre-term brain development, 

which may depend on the cortical maturational stage an infant has reached at the time 

of their early birth. For example, an infant born at 35 weeks is processing face and 

upper limb stimulation differently to lower limb stimulation, whereas an infant born just 

two weeks later is processing input from these body surfaces similarly.  

 

Sensory periphery-evoked and background cortical activity: alpha-beta and 
delta rhythms 

 

Motivation to understand brain development across late gestation, which is when the 

majority of pre-term births occur, has led to great interest in delta and alpha-beta 

oscillations because they are a prominent hallmark of brain activity at this time. After 

analysing these oscillations following both somatosensory stimuli (Chapter 3) and 

occurring spontaneously (Chapter 5), I identified a key trend: their developmental 

trajectories can be dissociated. Only somatosensory-related alpha-beta, but not delta, 

oscillations disappear at full-term age, and only spontaneous alpha-beta, but not delta, 

oscillations decline with postnatal age. These differences could indicate that alpha-beta 

and delta oscillations have different neurobiological substrates. This is supported by 

the animal literature which shows that glutamatergic input onto either α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) or N-methyl-D-aspartate (NMDA) 

receptors differently influences the alpha-beta vs. delta components of spindle bursts 

(Minlebaev et al., 2009). They also appear to encode different aspects of 

somatosensory experience: in movement-related spindle bursts the alpha-beta vs. 

delta components are differentially influenced by the degree of tactile and 

proprioceptive input within the stimulus (Marcano-Reik and Blumberg, 2008).  

 

The regional distribution of alpha-beta and delta oscillations can also be dissociated. 

Only movement-related delta, but not alpha-beta, oscillations extend beyond the 

central region. These data should be interpreted cautiously due to the low spatial 

resolution of scalp EEG (see page 109). Nevertheless, they are consistent with animal 

models in which delta waves can propagate widely across the cortex, while alpha-beta 

spindles synchronise local networks within somatosensory cortex of just 200–400 μm 

diameter (Buzsáki and Draguhn, 2004; Lopes da Silva, 2013; McVea et al., 2012; Yang 

et al., 2009).  
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One interpretation of the dissociation of alpha-beta and delta oscillations by both 

developmental trajectory and regional distribution is that alpha-beta oscillations 

subserve local sensory processing, explaining their early decline once sensory maps 

are established and their sensitivity to extra-uterine sensory experience. Meanwhile, 

travelling delta oscillations could help to connect sensory with extra-sensory cortices – 

for example insular cortices during the pre-term period, and then frontal cortices after 

full-term, explaining their developmental persistence following somatosensory stimuli. 

 

 

 
Figure 6-1: Developmental trajectory of somatosensory-evoked and spontaneous neural activity 

in pre-term and full-term infants 

 

 

Sensory periphery-evoked and background cortical activity: across the sleep-
wake cycle 

 

Although my experimental design and sample sizes did not allow me to directly 

compare movement-related cortical responses between sleep-wake states, the fact 

that isolated limb movements and hiccups are clustered during active sleep and 

wakefulness respectively makes it interesting to consider whether motor activity evokes 

responses more effectively in certain states. Movements during active sleep have been 

considered unique compared to wakefulness because they affect discrete muscle 

groups and occur on a background of low muscle tone, resulting in a high ‘signal to 

noise’ ratio. In addition, in neonatal animal models movements during active sleep are 

not associated with a corollary discharge – a mechanism which gates sensory input so 

long as it matches the planned movement – so afferent input following movement is far 
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more likely to evoke cortical activity because it is ‘unexpected’ (Tiriac et al., 2014; Tiriac 

and Blumberg, 2016). Consequently, the high amounts of active sleep present in the 

newborn period may function to provide optimal input for the developing 

somatosensory system via frequent isolated movements. During wakefulness, previous 

reports have observed that isolated limb movements, crawling, and sucking only evoke 

cortical bursts occasionally in pups (Blumberg et al., 2013; Khazipov et al., 2004; 

Seelke et al., 2005; Tiriac et al., 2014) or very pre-term human infants (Milh et al., 

2007). However, in this thesis I show for the first time that there is at least one form of 

motor activity during wakefulness – sudden contraction of the diaphragm – that has a 

sufficiently high ‘signal to noise’ ratio to evoke a clear cortical response in both pre-

term and full-term infants.  

 

Drawing together the two parts of this thesis, there is a clear distinction between the 

active states (active sleep and wakefulness) with stereotyped involuntary motor activity 

(isolated limb movements and hiccups) and little delta activity at full-term, and the quiet 

state (quiet sleep) with behavioural quiescence and profuse delta activity at full-term. I 

speculate that active and quiet states are perhaps subserving different developmental 

roles by this point – with active states characterised by patterns of movement which 

provide afferent input to the developing cortex, and quiet sleep consolidating the 

memory of this sensory experience, for example via delta oscillations as in adults (Abel 

et al., 2013; Fifer et al., 2010; Marshall et al., 2006; Tarullo et al., 2016). 

 

Limitations and future directions 
 

The research described in this thesis has some limitations. Throughout, I use the 

animal literature to inform my hypotheses, conceive my experiments, and interpret my 

data. In the Introduction, I discuss the extensive parallels between activity observed 

with local field potential recordings in neonatal rats and mice, and EEG recordings in 

human infants. However, the scalp EEG trace at a single electrode must be considered 

a spatially smoothed version of these local field potentials, with a very much weaker 

relationship with the firing patterns of the contributing individual neurons (Buzsáki et al., 

2012). Many local field potential recordings i) are supplemented with fine-scale single 

or multi-unit recordings (which allows to know exactly which groups of neurons are 

being sampled), and ii) had their spatial positioning validated by post-mortem histology, 

neither of which is possible in human infants. Finally, to record neural activity at the 

scalp requires the synchronised activation of a wide area of cortex and could therefore 

be insensitive to small spatial scale fluctuations (Tao et al., 2005). Nevertheless, recent 
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studies have indicated that – at least in infants/toddlers – it is possible to record forms 

of neural activity at the scalp which typically occur over less than 1cm2 of cortex 

(Gotman, 2018).  

 

In addition, developmental profiles were assessed using a cross-sectional approach. 

Longitudinal designs have the advantage of controlling for inter-individual differences 

but are only feasible when EEGs are clinically necessary: it would not be possible to 

obtain parental consent to perform repeated non-clinically required EEGs. Further, the 

gold standard method to establish a normative cohort would be to ensure that infants 

had a normal neurodevelopmental outcome at later follow-up. Nevertheless, it is likely 

that infants with normal background EEG features and cranial ultrasound imaging will 

grow up normally, in the absence of other risk factors (Selton et al., 2010; Vohr et al., 

2005).  

 

Conclusion 
 
In this thesis I provide converging evidence using somatosensory stimulation 

paradigms and resting-state data that there is a developmental transition immediately 

preceding and coincident with the average time of birth (37-41 weeks gestation) at 

which functional networks mature. At this age i) immature fast oscillations decline in 

power, ii) hierarchical somatosensory processing is established, and iii) slower 

oscillations become state-dependent. These data are supportive of i) a transition from 

amplification of peripheral input in order to refine thalamo-cortical maps to ii) the 

establishment of higher-order cortico-cortical sensory processing pathways, together 

with iii) the emergence of sleep-wake state-specific cortical functioning which, in adults, 

subserve the consolidation of this sensory experience.   
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Appendix A: Inclusion of subjects 
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I recruited 216 subjects during my PhD. In the following table, I present simple 

demographics for all infants, and outline whose cortical neurophysiology was studied in 

each analysis section. 

 

Note that all 216 subjects were screened for potential use in Chapter 3.4.2. This 

screening showed that hiccups were more likely to occur in infants who were awake 

during EEG monitoring (chi-squared test: initial sample of n = 216 EEGs reviewed for 

the presence of hiccups: see 3.3.1). 

 

Ordered by descending corrected gestational age: 
No. Sex Gestational 

age 
Postnatal 
age 

Corrected 
gestational 
age 

Chap 
3.4.1 

Screen 
for 
Chap 
3.4.2 

Chap 
3.4.2 

Chap 4 Chap 5 

509 M 34.29 95 47.86 N Y N N N 
458 M 42.57 4 43.14 N Y N N Y 
529 M 42.43 5 43.14 N Y N N Y 
625 M 41.86 7 42.86 N Y N N Y 
514 M 41.14 11 42.71 Y Y N Y Y 
443 F 41.86 5 42.57 N Y N N Y 
449 M 42.43 1 42.57 N Y N N Y 
562 F 41.71 5 42.43 Y Y N N Y 
491 M 41.57 5 42.29 N Y N Y Y 
468 M 42 2 42.29 N Y N N Y 
613 M 41.43 5 42.14 N Y N N Y 
508 F 41.43 4 42 N Y Y Y Y 
563 M 41.14 6 42 N Y N Y Y 
569 F 41.14 6 42 N Y N N Y 
611 F 41 7 42 N Y N N Y 
588 F 41.14 5 41.86 N Y N N Y 
475 F 41.57 2 41.86 N Y N N Y 
550 M 41.57 1 41.71 Y Y N Y Y 
605 M 41 5 41.71 N Y N N Y 
558 M 40.57 8 41.71 N Y N Y N 
473 F 41.29 1 41.43 N Y N N Y 
518 M 28 94 41.43 N Y N N N 
684 M 40.14 8 41.29 N Y N N N 
549 M 41 1 41.14 N Y N N Y 
482 M 40.86 2 41.14 N Y N N Y 
530 M 40.86 2 41.14 Y Y N Y Y 
503 F 40.29 5 41 N Y N Y Y 
535 M 40.86 1 41 N Y N N Y 
584 M 40.29 5 41 N Y N N Y 
715 F 40.57 3 41 N Y N N N 
448 M 40.71 1 40.86 N Y N N Y 



3 
 

451 M 40.14 5 40.86 N Y N N Y 
557 F 40.57 2 40.86 N Y N N Y 
616 F 40 5 40.71 N Y N N Y 
457 M 40.71 0 40.71 N Y N N N 
485 F 40.43 2 40.71 N Y N N Y 
566 M 40.43 2 40.71 N Y N N Y 
511 M 40.29 1 40.43 Y Y N Y Y 
551 M 40.29 1 40.43 N Y N Y Y 
626 M 40 3 40.43 N Y N N Y 
555 M 39.86 4 40.43 N Y N N N 
539 F 40.14 1 40.29 Y Y N Y Y 
441 M 40.14 1 40.29 N Y N N N 
465 M 40.29 0 40.29 N Y N N Y 
467 M 40.29 0 40.29 N Y N N Y 
513 F 39.29 7 40.29 N Y N N Y 
524 F 40 2 40.29 N Y N Y N 
439 F 39.14 7 40.14 N Y N N Y 
440 F 40 1 40.14 N Y N N Y 
577 M 39.71 3 40.14 N Y N N Y 
521 M 40.14 0 40.14 N Y N N N 
452 M 39.71 2 40 N Y N N Y 
541 F 39.57 3 40 Y Y N Y Y 
591 M 39.29 5 40 N Y N N Y 
442 F 39.86 1 40 N Y N N N 
435 M 39.29 4 39.86 N Y N N Y 
469 M 39.71 0 39.71 N Y N N Y 
528 F 39.57 1 39.71 Y Y N Y Y 
586 F 38.71 7 39.71 N Y N N N 
493 F 39.43 2 39.71 N Y N N Y 
517 M 39.43 2 39.71 N Y N N Y 
542 F 39.43 2 39.71 Y Y N Y Y 
543 M 38.86 5 39.57 N Y N N N 
571 F 25.86 96 39.57 N Y N N N 
472 M 38.57 6 39.43 N Y N N Y 
474 F 39.14 2 39.43 N Y N N Y 
560 F 39.14 2 39.43 N Y N N Y 
633 M 30.86 60 39.43 N Y N N N 
533 F 38.57 5 39.29 N Y N N Y 
500 M 38.86 3 39.29 N Y N Y Y 
603 M 37.86 9 39.14 N Y N N Y 
495 M 38.57 3 39 N Y N N Y 
595 M 38.29 5 39 N Y N N Y 
480 M 38.43 4 39 N Y N N N 
487 M 38.86 0 38.86 N Y N N Y 
602 F 38 5 38.71 N Y N N Y 
582 F 38 5 38.71 N Y N N N 
576 F 38.14 2 38.43 N Y N N N 
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444 F 38.14 1 38.29 N Y N N Y 
484 M 38 2 38.29 N Y N N Y 
494 F 37.43 5 38.14 N Y N N Y 
532 F 37.71 3 38.14 Y Y N Y Y 
546 F 38 1 38.14 N Y N Y Y 
454 F 35.29 19 38 N Y N N N 
556 F 37.57 2 37.86 Y Y N Y Y 
526 M 37.57 1 37.71 Y Y N Y Y 
520 M 36.43 9 37.71 N Y N N Y 
565 M 37.29 3 37.71 N Y Y N Y 
497 F 27.29 73 37.71 N Y N N N 
461 M 36.86 5 37.57 N Y N N Y 
506 M 37 4 37.57 N Y N Y Y 
486 F 36.57 6 37.43 N Y N N Y 
490 F 37.14 2 37.43 N Y N N Y 
548 F 35.57 13 37.43 N Y N N N 
580 M 35.71 11 37.29 N Y N Y Y 
531 F 36.86 3 37.29 N Y N Y Y 
540 M 32 37 37.29 N Y N N N 
479 M 37 1 37.14 N Y N N Y 
516 M 36.71 3 37.14 N Y N N N 
671 F 35.43 12 37.14 Y Y Y N N 
536 F 36.86 2 37.14 Y Y N Y Y 
470 M 36.86 1 37 N Y N N Y 
553 F 36.57 3 37 N Y N Y N 
544 F 31.86 36 37 N Y N N N 
612 F 36.29 5 37 N Y N N N 
436 M 36.57 2 36.86 N Y N N Y 
716 M 36.43 10 36.86 N Y N N N 
483 F 36.57 1 36.71 N Y N N Y 
504 M 36 5 36.71 N Y N N N 
527 F 35.86 6 36.71 N Y Y N Y 
476 M 35.71 6 36.57 N Y N N Y 
501 F 36 4 36.57 N Y N Y Y 
559 M 35.86 5 36.57 N Y N Y Y 
624 M 35.86 5 36.57 N Y N N Y 
688 F 28.86 54 36.57 N Y N N N 
471 F 35.71 5 36.43 N Y N N Y 
589 M 30.71 39 36.29 N Y N N N 
534 F 36 2 36.29 N Y N N Y 
434 M 35.71 3 36.14 N Y N N Y 
498 F 35.57 4 36.14 N Y N Y Y 
515 F 35.71 3 36.14 Y Y N Y Y 
607 F 35.43 5 36.14 N Y N N Y 
608 F 35.43 5 36.14 N Y N N Y 
592 F 35.29 6 36.14 N Y N N N 
438 F 35 7 36 N Y N N N 
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609 F 35.14 5 35.86 N Y N N Y 
489 F 35.29 4 35.86 N Y N N Y 
579 M 30 41 35.86 N Y Y N N 
670 F 35.29 4 35.86 N Y N N N 
648 F 31 33 35.71 N Y N N N 
481 F 35.43 2 35.71 N Y Y N Y 
545 M 33.14 17 35.57 Y Y N N Y 
583 M 34.86 5 35.57 N Y N Y Y 
596 F 34.86 5 35.57 N Y N N Y 
650 M 32.57 21 35.57 N Y N N N 
651 F 32.57 21 35.57 N Y N N N 
502 F 35.29 2 35.57 N Y N Y Y 
552 M 35.29 2 35.57 N Y N N Y 
689 F 33.29 16 35.57 N Y N N N 
488 M 35.29 0 35.29 N Y N N Y 
505 F 34.86 3 35.29 N Y N Y Y 
568 F 33.86 10 35.29 N Y N N Y 
668 M 31 29 35.14 N Y N N N 
492 M 34.29 5 35 N Y N Y Y 
507 M 34.57 3 35 N Y N N Y 
593 F 33.57 10 35 N Y N N Y 
594 F 33.57 10 35 N Y N N Y 
567 F 34.57 2 34.86 N Y N N Y 
578 F 23.72 78 34.86 N Y Y N N 
622 M 34.57 2 34.86 N Y N N N 
570 F 34.14 4 34.71 N Y N N N 
645 F 26.57 57 34.71 N Y N N N 
713 F 34 5 34.71 N Y Y N N 
522 M 33.86 6 34.71 N Y Y N Y 
572 M 34.43 2 34.71 Y Y N N Y 
630 F 34.43 2 34.71 N Y N Y N 
547 F 33.86 5 34.57 N Y N N Y 
437 M 34.43 1 34.57 N Y N N N 
628 M 34 4 34.57 N Y N N N 
585 M 33.57 5 34.29 N Y N N Y 
610 M 26.71 53 34.29 N Y N N N 
538 M 33.86 3 34.29 N Y N N Y 
665 M 32.71 10 34.14 Y Y N N Y 
496 F 33.14 6 34 N Y N N Y 
599 F 32.29 12 34 N Y N N N 
637 F 33 6 33.86 N Y N N N 
697 M 32.86 7 33.86 N Y Y N N 
600 M 32.29 9 33.57 N Y N N N 
657 M 32.57 6 33.43 N Y N N N 
634 M 31.57 12 33.29 N Y N N N 
641 F 32.57 4 33.14 N Y N N N 
590 F 30.29 19 33 N Y N N N 
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601 F 32 7 33 N Y N N N 
519 M 32.14 5 32.86 N Y N N N 
692 F 26.14 47 32.86 N Y N N N 
510 M 26.57 44 32.86 N Y Y N N 
597 M 32 6 32.86 N Y N N N 
635 M 32 6 32.86 N Y N N N 
636 M 32 6 32.86 N Y N N N 
512 F 31.86 6 32.72 N Y N N N 
564 F 24 61 32.71 N Y N N N 
606 F 30 19 32.71 N Y N N N 
587 M 30.29 17 32.71 N Y N N N 
581 M 27.14 37 32.43 N Y N N N 
561 F 23.29 63 32.29 N Y N N N 
631 F 24.43 55 32.29 N Y N N N 
623 F 30.14 13 32 N Y N N N 
694 F 30.14 12 31.86 N Y N N N 
537 M 31 4 31.57 N Y N N N 
659 M 29.57 14 31.57 Y Y N N N 
523 M 23.86 52 31.29 N Y N N N 
632 F 30.29 7 31.29 N Y N N N 
598 M 28.86 15 31 N Y N N N 
627 M 27.57 24 31 N Y N N N 
604 M 29.71 7 30.71 N Y N N N 
639 M 26.57 29 30.71 N Y N N N 
573 F 27.86 20 30.71 N Y N N N 
554 M 29.86 5 30.57 N Y N N N 
699 M 27.43 22 30.57 N Y Y N N 
642 M 26 31 30.43 N Y N N N 
643 F 26 31 30.43 N Y N N N 
704 F 27.86 18 30.43 N Y N N N 
705 F 27.86 18 30.43 N Y Y N N 
525 M 28.29 14 30.29 N Y N N N 
629 F 29.29 6 30.14 N Y N N N 
499 F 27.57 17 30 N Y N N N 
698 M 25.14 34 30 N Y N N N 
575 M 28.29 11 29.86 N Y N N N 
666 M 28.14 10 29.57 N Y N N N 
667 M 28.14 10 29.57 N Y N N N 
621 M 26.14 23 29.43 N Y N N N 
640 M 26 22 29.14 N Y N N N 
644 M 26 21 29 N Y N N N 
638 F 27.71 7 28.71 N Y N N N 
646 F 26.71 14 28.71 N Y N N N 
647 M 26.57 12 28.29 N Y N N N 

 

N = No; Y = Yes 
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First column denotes the order of published manuscripts in the following Appendix B: 
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significance of delta brushes in the 

EEG of premature infants 
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Clinical 
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Practice 2016 
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#2 Localization of spontaneous 

bursting neuronal activity in the 

preterm human brain with 

simultaneous EEG-fMRI 

Tomoki Arichi, 

Kim Whitehead 

eLife 2017 Chaps 1 and 2 fed 

into the EEG part 

of this paper’s 

EEG-fMRI 

analysis 

#3 Full 10-20 EEG application in 

hospitalised neonates is not 

associated with an increase in 

stress hormone levels 

Kim Whitehead*, 

Laura Jones* 

Clinical 

Neurophysiology 

Practice 2017 

Chap 2: 

Recording 

protocol does not 

cause stress to 

infants 

#4 Developmental trajectory of 

movement-related cortical 

oscillations during active sleep in a 

cross-sectional cohort of pre-term 

and full-term human infants 

Kim Whitehead, 

Judith Meek 

Scientific 

Reports 2018 

Chap 3.4.1 

#5 Event-related potentials following 

contraction of respiratory muscles in 

pre-term and full-term infants 

Kim Whitehead, 

Laura Jones 

Clinical 

Neurophysiology 

2019  

Chap 3.4.2 

#6 The Emergence of Hierarchical 

Somatosensory Processing in Late 

Prematurity 

Kim Whitehead*, 

Christos 
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Cerebral Cortex 

2019  
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#7 A novel sensor design for accurate 

measurement of facial 

somatosensation in pre-term infants 
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Donadio*, Kim 

Whitehead* 

PLOS ONE 

2018  

Chap 4.5.5 

#8 Emergence of mature cortical 

activity in wakefulness and sleep in 

healthy preterm and full-term infants 

Kim Whitehead, 

Maria Pureza 

Laudiano-Dray 

Sleep 2018  Chap 5 

#9 Fronto-central slow cortical activity 

is attenuated during phasic events 

in rapid eye movement sleep at full-

term birth 

Kim Whitehead, 

Maria Slobodina 

Early Human 

Development 

2019 

Chap 5 fed into 

this follow-on 

project 
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Delta brushes are the hallmark of the EEG of premature infants. They are readily recognisable because of
their characteristic appearance and are a key marker of neural maturation. However they are sometimes
inconsistently described in the literature making identification of abnormalities challenging. The goal of
this review is to provide an overview of research findings on this topic in the last five decades. Firstly, the
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incidence and how they are modulated by vigilance state in normal neonates. Secondly, their clinical sig-
nificance is discussed including how abnormalities in their incidence or appearance indicate particular
pathophysiology. We propose that (i) the effect of age and vigilance state on the frequency, amplitude
and topography of delta brushes, and (ii) heterogeneity within the cohorts of ‘normal’ premature infants
studied, may explain the very variable descriptions of delta brush characteristics in the literature. By
explicitly taking these factors into consideration to explain delta brush variability, the presented sum-
mary facilitates the clinical electrodiagnostic and prognostic use of delta brush abnormalities as a
biomarker.
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Table 1
Characteristics of delta brushes according to post-menstrual age.

PMA (weeks) 24–27 28–30 31–32 33–34 35–36 37–38 39–40

Incidence +/� ++ ++ +++ ++ + +/�
Frequency of

delta wave
<1 Hz <1 Hz 62 Hz 62 Hz 62 Hz 62 Hz 62 Hz

Amplitude of
delta wave

++ +++ +++ ++ ++ + +

Peak fast
frequency

12–14 Hz 14–16 Hz 14–20 Hz 16–20 Hz 16–20 Hz 10–15 Hz 10–15 Hz

Topography Diffuse; central Diffuse; central Diffuse; central;
temporal-occipital

Diffuse; central;
temporal-occipital

Temporal
occipital > central

Temporal-
occipital

Temporal-
occipital

Effect of vigilance
state

AS > Wake > QS AS > Wake > QS AS > Wake > QS QS > Wake = AS QS > Wake = AS QS mainly QS only

PMA = post-menstrual age; AS = active sleep; QS = quiet sleep.

F8 - T8

T8 - P8

P8 - O2

F7 - T7

T7 - P7

P7 - O1

T8 - C4

C4 - Cz

Cz - C3

C3 - T7

ECG

Resp

500µV

1 second

a b

Fig. 1. a: Pericentral and posterior temporal delta brushes in a 29 + 6 weeks PMA neonate during quiet sleep. b: Bilateral posterior temporal delta brush in a 34 + 6 weeks
PMA neonate during active sleep. Both traces: bipolar montage. 30 lV/mm. 0.1–70 Hz bandpass; 50 Hz notch filter.
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1. Definition and characteristics (Table 1)

The neonatal EEG is strikingly different from the EEG recorded
in later infancy; it presents a range of distinctive features which
change rapidly with maturation. The hallmark of the premature
neonatal EEG is the delta brush; review of their incidence and
appearance is an important part of the clinical neurophysiological
assessment of hospitalised infants. In this review we will refer to
the age of the infants in terms of post-menstrual age (PMA) which
is gestational age measured from the time of the last menstrual
period + postnatal age (Tsuchida et al., 2013).

1.1. Slow frequency component

Delta brushes are transient patterns characterised by a slow
delta wave with superimposed fast activity. The underlying slow
activity is up to 1.5 Hz with a lower threshold variously stated as
0.3 Hz (Volpe, 1995; André et al., 2010; Noachtar et al., 1999;
Scher, 2006), 0.5 Hz (D’Allest and André, 2002) or 0.8 Hz (Tharp
et al., 1981). The frequency of the slow activity increases with
advancing PMA, but remains within the delta range, reaching
1–2 Hz by 32–34 weeks (D’Allest and André, 2002; André et al.,
2010). The duration of delta brush activity is from 0.5 s to an upper
limit of between 1.5 s (Conde et al., 2005) and 5 s from 31 weeks
(Radvanyi-Bouvet et al., 1987). The amplitude of the delta wave
ranges from 50 lV to an upper limit of 250–300 lV (Lamblin
et al., 1999; André et al., 2010; Tsuchida et al., 2013) and peaks
in amplitude at 30–31 weeks (D’Allest and André, 2002) before
decreasing with age.

1.2. Fast frequency component

The delta wave of a delta brush has a superimposed set of fast
frequencies, usually on a steeply ascending slope (Tolonen et al.,
2007; Watanabe et al., 1999; Conde et al., 2005; Fig. 1b). This
over-riding fast activity has been heterogeneously quantified as
8–20 Hz (Tharp et al., 1981; Biagioni et al., 1994), 8–22 Hz
(Lombroso, 1979), 8–25 Hz (Milh et al., 2007), 10–20 Hz (Scher,
2006; Boylan, 2007), 14–24 Hz (Goldie et al., 1971), 18–22 Hz
(Volpe, 1995; Koszer et al., 2006), >8 Hz (Lamblin et al., 1999;
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André et al., 2010) or as ‘alpha-beta’ which implies 8-30 Hz
(Hellström-Westas and Rosén, 2010). The standardised neonatal
EEG terminology of the American Clinical Neurophysiology Society
(Tsuchida et al., 2013) defines the over-riding fast activity as being
8–12 Hz or 18–22 Hz, but references Lamblin et al.’s (1999) French
language paper, which only specifies that the superimposed fast
activity is >8 Hz. Spectral decomposition of neonatal EEG bursts
reveals a rapid fall-off in power above 24 Hz (Myers et al., 2012)
suggesting that frequencies above 24 Hz are not present to a signif-
icant extent, although minimal gamma-range frequencies are pos-
sible (Milh et al., 2007).

The peak frequency in the delta brush fast activity band
increases from 12–14 Hz at 27 weeks, 14–16 Hz at 28–32 weeks
(Anderson et al., 1985), peaking at 16–20 Hz at 32–35 weeks
(Niedermeyer, 2005) and falling to 10–15 Hz from 36 weeks
(Volpe, 1995; Niedermeyer, 2005). The frequency of fast activity
is also affected by vigilance state: bursts during quiet sleep have
a slightly lower peak frequency (Myers et al., 2012).

The amplitude of the superimposed fast activity is at least
10–20 lV (Lombroso, 1979; Conde et al., 2005) reaching up to
60 lV (Lamblin et al., 1999; André et al., 2010; Scher, 2006) or
occasionally 100 lV (Tharp et al., 1981). Again, amplitude varies
according to post-menstrual age; Volpe (1995) observes particu-
larly high voltages at 34–35 weeks.
1.3. Incidence

Delta brushes can be present from 24 weeks (Tsuchida et al.,
2013; Hahn and Tharp, 2005) but are usually seen from
28–30 weeks (Lamblin et al., 1999; Boylan et al., 2008;
Niedermeyer, 2005; Vecchierini et al., 2007). Their peak incidence
is at 32–35 weeks (Boylan et al., 2008; Hahn and Tharp, 2005;
Lamblin et al., 1999; D’Allest and André, 2002; André et al.,
2010; Hahn and Tharp, 2005) and they disappear between 38
and 42 weeks (Koszer et al., 2006; Hahn and Tharp, 2005; Boylan
et al., 2008). During early prematurity they are more frequent dur-
ing active than quiet sleep. From 29 to 34 weeks this changes and
delta brushes are more frequent, and of higher amplitude, in quiet
than active sleep (Goldie et al., 1971; Lombroso, 1979; Watanabe
and Iwase, 1972; Scher, 2006; Koszer et al., 2006; Tharp et al.,
1981; André et al., 2010). At later post-menstrual ages
(34–42 weeks), although scattered delta brushes may be present
during active sleep and wakefulness, quiet sleep is the only state
in which they are prominent (Goldie et al., 1971; D’Allest and
André, 2002; Niedermeyer, 2005; Statz et al., 1982). In general,
the reduction of delta brush occurrence correlates with the emer-
gence of clear vigilance state differentiation (Colonnese et al.,
F8 - F4

F3 - F7

ECG

Resp

F4 - C4

F3 - C3

T8 - C4

C4 - Cz

Cz - C3

C3 - T7
200µV

1 second

Fig. 2. Frontal delta brush in 34 + 5 PMA neonate during active sleep. Bipolar
montage. 20 lV/mm. DC-70 Hz bandpass; 50 Hz notch filter.
2010; Mirmiran et al., 2003), suggesting a relationship between
these two developmental features.

Delta brushes can also occur during wakefulness, but have been
scarcely reported, probably because premature infants only spend
2–4% of their time in this vigilance state (Curzi-Dascalova et al.,
1993). A single study reports that the frequency of delta brushes
during wakefulness is more than during quiet sleep but less than
during active sleep until 33 weeks. From 34 to 42 weeks, delta
brushes occur during wakefulness as often as during active sleep
(Watanabe and Iwase, 1972).
1.4. Topographical distribution

Several authors have gone beyond assessing overall incidence of
delta brushes across post-menstrual age and have described the
peak incidence of particular delta brush topographies. Delta
brushes are diffuse (Lamblin et al., 1999) or prominent pericen-
trally between 29–34 weeks (Volpe, 1995; Boylan, 2007), involving
also temporal-occipital regions from 30–34 weeks (D’Allest and
André, 2002; Hahn and Tharp, 2005; Arichi et al., 2016; André
et al., 2010; Tolonen et al., 2007) (Fig. 1a and b). From 36 weeks,
when delta brushes are starting to reduce overall, the pericentral
topography is absent or extremely scarce (Volpe, 1995;
Watanabe and Iwase, 1972). Meanwhile, temporal and occipital
delta brushes persist until full-term age (37–42 weeks). Delta
brushes in the frontal regions are the least common (Milh et al.,
2007; Watanabe and Iwase, 1972; Whitehead et al., 2016), but
occasionally occur up until 36 weeks (Watanabe and Iwase,
1972) (Fig. 2). Delta brush topographies can have specific fre-
quency characteristics: pericentral delta brushes have a higher
mean overriding fast frequency compared to other locations
between 27 and 32 weeks (Anderson et al., 1985).

Only two studies have described differences in delta brush
topography between vigilance states (Watanabe and Iwase, 1972;
Whitehead et al., 2016). However, a fuller quantification of their
topographic distribution may facilitate the monitoring of neuro-
physiological mechanisms for brain development (Myers et al.,
2012). Between 31 and 42 weeks, temporal-occipital delta brushes
are the most common topography during wakefulness and active
sleep while pericentral delta brushes, when present, are mostly
seen during quiet sleep (Whitehead et al., 2016; Watanabe and
Iwase, 1972). Between 33 and 38 weeks, occipital delta brushes
are the type least enhanced by quiet sleep (Watanabe and Iwase,
1972).

Delta brushes are usually considered as static events; few stud-
ies have addressed their propagation dynamics. They have been
characterised as occurring asynchronously in homologous areas
of the two hemispheres (Hahn and Tharp, 2005) or as local events
that have a tendency to spread (Khazipov and Luhmann, 2006).
Spontaneous activity transients (SATs), a term that encompasses
delta brushes but also other mixed-frequency activity bursts,
appear to propagate from temporal-occipital to frontal areas
according to onset times at different EEG derivations (Vanhatalo
et al., 2005; Vanhatalo and Kaila, 2010). Overall, SATs are found
to be focal in premature neonates and to develop, towards full-
term age, into a partially synchronous activity that involves both
hemispheres (Tolonen et al., 2007).
2. Elicited delta brushes

Delta brushes occur spontaneously, but can also be triggered by
peripheral sensory stimuli. The topography of stimulated delta
brushes has been shown to coarsely relate to stimulus modality.
In neonates <35 weeks, visual stimuli elicit occipital delta brushes
(Colonnese et al., 2010) and auditory stimuli evoke mid-temporal
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Table 2
Delta brush abnormalities and their significance.

Delta brush abnormality Possible significance of delta brush
abnormality

+ add-on features significance of add-on features

Absence or attenuation of alpha-beta
frequencies, including delta
brushes

Unclear clinical significance
Acute-stage abnormality

+ loss of theta frequencies Poorer prognosis

Incidence of delta brushes P2 weeks
immature for PMA

Unclear clinical significance
Chronic-stage dysmature
abnormality: most associated with
cognitive impairment

+ follows >3 weeks acute EEG
depression

Poorer prognosis

+ >4 weeks dysmature Poorer prognosis
+ presence of seizures Not predictive of poor outcome
+<37 weeks PMA Interpret with caution, especially if <29

weeks

Deformed delta brushes Unclear clinical significance
Chronic-stage disorganised
abnormality: most associated with
white matter damage

+ >4 weeks postnatal age Poorer prognosis
+ pronounced anterior spread Associated with higher PVL grade
+ temporal sawtooth waves or delta

brushes past the age at which they
are expected

Strengthens clinical suspicion of
abnormal maturational process

Reduced amplitude 8–20 Hz
compared to normal values

Effect of prematurity, especially if
born <29 weeks; unclear clinical
significance

PMA = post-menstrual age.
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delta brushes (Chipaux et al., 2013). At 29–31 weeks, stroking the
hand or foot elicits pericentral delta brushes preferentially located
at the contralateral mid-central or vertex electrode respectively
(Milh et al., 2007). Preliminary data obtained by our own group
using tap stimulation indicate that delta brushes with the same
somatotopic pattern can also be seen at 32–33 weeks (Fig. 3)
(unpublished). Noxious heel lances can elicit delta brushes at the
mid-temporal regions (Fabrizi et al., 2011) from 28 weeks; this
activity is replaced by a mature vertex evoked potential between
32 and 35 weeks (Hartley et al., 2016; Fabrizi et al., 2011).
3. Clinical significance of delta brushes (Table 2)

Because delta brushes are a prominent feature of the EEG in
premature neonates, deviation from their normal developmental
trajectory and untimely absence or presence facilitate the recogni-
tion of aberrant EEG patterns and is diagnostically and prognosti-
cally useful (Table 2). EEG abnormalities can be separated into
acute stage and chronic stage abnormalities.

3.1. Acute-stage abnormality: depressed EEG

EEG depression includes attenuated faster activity, as well as
decreased continuity, and is often defined as an acute-stage EEG
abnormality (Okumura et al., 2002). After a brain insult, alpha-
beta rhythms like those in delta brushes are initially reduced. This
is followed, in the most abnormal cases, with loss of theta rhythms,
leaving only delta waves (Watanabe et al., 1999). Mild EEG depres-
sion suggests suboptimal clinical outcome when it lasts for over
three weeks and/or is followed by an EEG with an immature
appearance considering the neonate’s post-menstrual age
(Hayakawa et al., 1997). Acute-stage EEG abnormalities are seen
in 65% of neonates with periventricular leukomalacia and are most
specific (less false positives) if seen from postnatal day 5 (Okumura
et al., 1999).

As delta brushes are an abundant feature of normal EEGs in pre-
mature neonates, their absence facilitates the recognition of a
depressed EEG (Holmes and Lombroso, 1993). A low voltage pat-
tern without delta brushes was found to be associated with major
neurological sequelae in 4/5 infants. Conversely, in infants with the
same pattern overlaid with some normal features, such as delta
brushes, this was not predictive of outcome. For example, while
7/23 neonates had major sequelae, a further 7/23 (i.e. exactly the
same proportion) developed normally (Tharp et al., 1981). There
is a trend towards a greater incidence of delta brushes in prema-
ture neonates who had normal outcome but this only reached sta-
tistical significance in EEGs at 33–34 weeks (Biagioni et al., 1994).
A diminished incidence of delta brushes in neonates with major
ultrasound lesions is observed in the first week of life; this reduced
occurrence of delta brushes is most marked in neonates born at
31–32 weeks in whom this finding persists until 36 weeks
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(Conde et al., 2005). A further study found that in 4/5 neonates
with later cognitive impairment, EEG maturation had arrested
between 28 and 34 weeks, including absence of the expected
increase in delta brushes during this developmental period
(Hayakawa et al., 1997). The absence of delta brushes in EEGs
recorded at 33–34 weeks is seen almost exclusively in infants
who died or had abnormal sequelae but typically in combination
with other grossly abnormal EEG features (Tharp et al., 1981).
However, when delta brushes are absent at ages at which they
are expected, some authors caution against necessarily interpret-
ing this as abnormal (Boylan et al., 2008).

3.2. Chronic-stage abnormality: dysmaturity

EEGs are defined as dysmature if they present patterns which
are at least 2 weeks immature for the neonate’s post-menstrual
age (Holmes and Lombroso, 1993; André et al., 2010; Tsuchida
et al., 2013; Hahn and Tharp, 2005) and this is considered a
chronic-stage EEG abnormality (Watanabe et al., 1999). The num-
ber of delta brushes is one of the features used as a benchmark to
determine EEG maturity. Normative values for delta brush inci-
dence have been proposed (Lombroso, 1979; Watanabe and
Iwase, 1972) to quantify the degree of abnormality (Holmes and
Lombroso, 1993). Despite this, some authors argue that dysmatu-
rity is difficult to ascertain in infants <37 weeks because the nor-
mal EEG during prematurity is more variable than at full-term
age (Tharp, 1990). Most studies which refer to delta brushes assess
absolute number or proportion of bursts containing fast activity.
The amplitude of the underlying delta wave (Biagioni et al.,
1994; Conde et al., 2005) and the over-riding fast (Biagioni et al.,
1994) do not correlate with the presence of major ultrasound
lesions or clinical outcome and are therefore not used as markers
of maturity.

The presence of prominent delta brushes during quiet and
active sleep in term-age neonates is considered ‘mildly abnormal’
and requires a follow-up EEG (Tharp, 1990). Persistent EEG dysma-
turity in neonates, over serial recordings, is believed to indicate
cortical (rather than white matter) injury and correlates with poor
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cognitive outcome (Lombroso, 1985; Holmes and Lombroso, 1993;
Okumura et al., 2002) with a positive correlation between severity
of dysmaturity and severity of outcome (Karch et al., 1981;
Biagioni et al., 1996). The presence of severe dysmaturity has a
high specificity (93.8%) but a low sensitivity (50%) for mild or sev-
ere neurological abnormalities at P12 months (Biagioni et al.,
1996). All five neonates with later cognitive impairment had delta
brushes after 39 weeks along with other features of dysmaturity
(Hayakawa et al., 1997). Using delta brush incidence, alongside
three other EEG measures, to assess dysmaturity, 83% of neonates
with bronchopulmonary dysplasia associated with a dysmature
EEG at 37–42 weeks had a poor outcome, compared to 23% with
normal EEGs (Hahn and Tharp, 1990). On the other hand, EEG dys-
maturity has been followed by normal outcome, but in only one
study of three subjects (Tharp et al., 1981). The absence of all
chronic-stage abnormalities in neonates born between 25 and
32 weeks is associated with entirely normal (92%) or borderline
(6%) mental development (Okumura et al., 2002).

EEG burst rate peaks at a later age in neonates with hypoxic
ischemic encephalopathy (HIE) compared to controls (Ranasinghe
et al., 2015) but dysmaturity in full-term neonates with HIE can
be associated with normal outcome (Holmes et al., 1982). Also in
neonates with seizures, there is no relationship between EEG
dysmaturity and outcome (Fig. 4) (Lombroso and Holmes, 1993),
possibly because seizures can induce temporary dysmaturity of
the background EEG (Lombroso, 1975).

3.3. Chronic stage abnormality: disorganised EEG

A pathological chronic-stage disorganised EEG presents abnor-
mal morphology of background activities (Okumura et al., 2002).
Deformed cog-shaped delta brushes are the most typical represen-
tation of this EEG abnormality (André et al., 2010; Watanabe et al.,
1999; Tich et al., 2007; Kidokoro et al., 2006). They are defined as
spindle-like, fast spiky wave bursts in the 13-20 Hz range
(Kidokoro et al., 2006; André et al., 2010), they lack smoothness,
their peak to peak amplitude is >400 lV and they have a wider
base than normal delta brushes (Tich et al., 2007). Their presence
necessitates follow-up EEGs, in which EEG dysmaturity such as
persistent delta brushes or temporal sawtooth waves, will
strengthen the preliminary diagnosis of an abnormal maturational
process (Tich et al., 2007).

The disorganised pattern of deformed delta brushes is observed
most frequently between postnatal days 6–21 in neonates born at
28–33 weeks (Okumura et al., 1999). A disorganised EEG is more
likely to be associated with normal cognitive development than a
dysmature EEG but is closely related to periventricular leukomala-
cia (Okumura et al., 2002). In neonates with a disorganised pattern
43–93% have periventricular leukomalacia and develop cerebral
palsy according to the severity of the EEG abnormality (Okumura
et al., 2002; Okumura et al., 1999; Kidokoro et al., 2006), particu-
larly if it persists beyond four weeks of postnatal age (Hayakawa
et al., 1997; Watanabe et al., 1999). The anterior spread of the
deformed delta brushes correlates with the degree of periventricu-
lar leukomalacia (Kidokoro et al., 2006). However, ‘deformed’ delta
brushes are also observed in healthy pre-term neonates. In fact in
the frontal regions there is no difference in the amount of
‘deformed’ delta brushes observed between healthy neonates and
those with periventricular leukomalacia (Kidokoro et al., 2006).

3.4. The effect of prematurity, alone, on delta brush characteristics

Most authors summarise that there is little or no difference
between the EEGs of infants born at term and normal infants
grown to term after premature delivery (Volpe, 1995; Tsuchida
et al., 2013), although spectral analysis has shown lower EEG
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power in theta, alpha and beta bands for the prematurely born,
while delta activity was comparable (Scher et al., 1992). Only one
study specifically compared the characteristics of delta brushes
in infants born very pre-term without major ultrasound lesions,
with those in neonates of the same post-menstrual age who were
born later (Conde et al., 2005). Delta brushes persisted for longer in
infants born at <29 weeks and, in addition, the amplitude of the
over-riding fast activity was reduced in those born <27 weeks.
However, EEGs of neonates born at >29 weeks were no different
from those of later-born control infants (Conde et al., 2005).
4. Conclusion

Delta brushes are the most well-known feature of the pre-term
EEG. However, since the 1970s, there have been discrepancies
between authors on key facts such as the age of their peak inci-
dence and their most common topographies in normal neonates.
This review highlights concordant findings in normal babies, while
briefly summarising where authors differ. The effect of age and vig-
ilance state on the frequency, amplitude and topography of delta
brushes may explain their very variable descriptions in the litera-
ture. In addition, the wide variety of ‘normal’ findings in premature
babies may arise from studies lacking the long-term follow-up
necessary to establish that a baby is truly neurologically and cog-
nitively normal (Biagioni et al., 1994). The second part of the
review describes the clinical relevance of delta brushes. The clini-
cal scenarios are discussed in which appreciation of delta brush
abnormalities has been found to be diagnostically and/or prognos-
tically useful. In summary, there is a large literature on delta
brushes. Once delta brush variability is taken into consideration,
their easy identification and striking abundance in the pre-term
period makes them a viable biomarker of acute or chronic neuro-
logical impairment.
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Abstract Electroencephalographic recordings from the developing human brain are

characterized by spontaneous neuronal bursts, the most common of which is the delta brush.

Although similar events in animal models are known to occur in areas of immature cortex and drive

their development, their origin in humans has not yet been identified. Here, we use simultaneous

EEG-fMRI to localise the source of delta brush events in 10 preterm infants aged 32–36

postmenstrual weeks. The most frequent patterns were left and right posterior-temporal delta

brushes which were associated in the left hemisphere with ipsilateral BOLD activation in the insula

only; and in the right hemisphere in both the insular and temporal cortices. This direct measure of

neural and hemodynamic activity shows that the insula, one of the most densely connected hubs in

the developing cortex, is a major source of the transient bursting events that are critical for brain

maturation.

DOI: https://doi.org/10.7554/eLife.27814.001

Introduction
In animal models, spontaneous bursts of synchronized neuronal activity (known as spindle bursts)

play an instructive role in key developmental processes that set early cortical circuits, including neu-

ronal differentiation and synaptogenesis (Hanganu-Opatz, 2010; Khazipov and Luhmann, 2006).

Experimental disruption of the normal occurrence and propagation of this early spontaneous activity

leads to permanent loss of healthy cortical organization, such as segregation into ocular dominance

columns (Xu et al., 2011) and whisker barrels (Tolner et al., 2012) in the primary visual and somato-

sensory cortices respectively.

Neural activity recorded in human infants during the preterm period with electroencephalography

(EEG) is also characterized by intermittent high amplitude bursts known as Spontaneous Activity

Transients (SATs) (Khazipov and Luhmann, 2006; André et al., 2010; Tolonen et al., 2007). SATs

appear to have a crucial role in early human brain development, as their occurrence is positively cor-

related to brain growth during the preterm period (Benders et al., 2015). The most common of

these events is the delta brush, a transient pattern characterised by a slow delta wave (0.3–1.5 Hz)

with superimposed fast frequency alpha-beta spindles (8–25 Hz) (André et al., 2010;

Whitehead et al., 2017). Delta brushes appear from 28 to 30 weeks PMA (Boylan et al., 2008;
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Lamblin et al., 1999; Niedermeyer, 2005; Vecchierini et al., 2007), have a peak incidence at 32–

35 weeks PMA (André et al., 2010; Boylan et al., 2008; Lamblin et al., 1999; D’Allest and Andre,

2002; Hahn and Tharp, 2005) and disappear between 38–42 weeks PMA (Boylan et al., 2008;

Hahn and Tharp, 2005). They initially have a diffuse or predominantly peri-central distribution in

infants <32 weeks PMA (Lamblin et al., 1999; Boylan, 2007; Volpe, 1995), progressing to have a

more temporal and occipital (but rarely frontal) topography in late preterm infants (Tolonen et al.,

2007; D’Allest and Andre, 2002; Hahn and Tharp, 2005; Volpe, 1995; Watanabe et al., 1999). As

with spindle bursts in animal models, delta brushes can also be elicited by external stimuli

(Chipaux et al., 2013; Colonnese et al., 2010; Fabrizi et al., 2011; Milh et al., 2007) with their top-

ographies coarsely overlying the primary sensory cortices of the relevant stimulus modality, suggest-

ing that the activation of specific cortical regions appears on the scalp surface as different delta

brush distributions.

As delta brushes are the hallmark of the preterm EEG, reviewing their incidence and morphology

is an important part of the clinical neurophysiological assessment of hospitalised infants

(Whitehead et al., 2017). Preterm infants with a greater incidence of delta brushes are more likely

to develop normally (Biagioni et al., 1994), while diminished occurrence or atypical morphology is

seen in infants with major brain lesions such as periventricular leukomalacia who later develop cere-

bral palsy (André et al., 2010; Watanabe et al., 1999; Conde et al., 2005; Kidokoro et al., 2006;

Okumura et al., 1999; Okumura et al., 2002; Tich et al., 2007). As delta brushes should disappear

at term equivalent age, the number of events can also be used to determine the severity of EEG

dysmaturity, which is defined by the presence of patterns that are at least 2 weeks immature relative

to an infant’s PMA ([André et al., 2010; Hahn and Tharp, 2005; Holmes and Lombroso, 1993;

American Clinical Neurophysiology Society Critical Care Monitoring Committee et al.,

2013) and which is associated with adverse cognitive outcome if persistent over serial recordings

(Okumura et al., 2002; Holmes and Lombroso, 1993; Hayakawa et al., 1997; Lombroso, 1985).

Despite their common occurrence, developmental importance and clinical significance, existing

animal and human studies are insufficient to build a model of the role of these electrophysiological

events in humans, in particular because of the lack of information about their neuro-anatomical

source. Whilst delta brushes can be readily identified with EEG, the localization of their source within

the brain cannot be easily inferred just from the electrical potentials recorded at the scalp surface

(Darvas et al., 2004). To overcome this intrinsic limitation of EEG recording, we used simultaneous

EEG-fMRI to combine the temporal sensitivity of EEG with the whole brain spatial specificity of func-

tional Magnetic Resonance Imaging (fMRI). Here, we provide the first evidence that spontaneous

patterns of delta brush activity in the period preceding normal birth are associated with significant

hemodynamic activity clearly localized to distinct regions within the developing cortex. We show

that the most common event in the late preterm period (posterior-temporal delta brushes) are

reflective of activity in the insular cortices and temporal pole. These findings provide the first evi-

dence of a direct link between spontaneous neural and hemodynamic activity in early human life and

provide a new understanding of how they relate to regional cortical function during this critical

period.

Results and discussion
Simultaneous EEG-fMRI data were successfully acquired in a group of 10 infants in their late preterm

period (median PMA at data collection 35 + 1 weeks, range 32 + 2 to 36 + 2 weeks; five female) dur-

ing natural sleep over a median of 7.5 min (range: 3.5–10.5 min). All the infants in the study sample

were clinically well at the time of study and were reported as having normal brain appearances on

their structural MR images. An optimized pre-processing and analysis pipeline which incorporated

an age-specific hemodynamic response function (HRF) and template brain was used for the fMRI

data (detailed in the supplementary methods) (Allievi et al., 2016; Arichi et al., 2012; Arichi et al.,

2010; Serag et al., 2012). Due to the confounding effects of head motion on both EEG and fMRI

data, several additional steps were also taken to specifically address this issue in both the initial pre-

processing and analysis phase (see supplementary methods).

In line with the literature (André et al., 2010; Whitehead et al., 2017), delta brushes occurred

frequently (median: 4.4/minute; range: 1.9–6.7) and with varying scalp distributions (23 in total; Fig-

ure 1 and Supplementary file 2). Nevertheless, right and left posterior-temporal delta brushes were
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consistently present in 10/10 and in 9/10 subjects respectively and could be associated with signifi-

cant clusters of positive BOLD activity (p<0.05 with family wise error correction) in the ipsilateral

insular cortex (Figure 2 and Figure 2—figure supplement 1). This result provides the first evidence

that the insulae represent major locations of occurrence for these developmentally required neuronal

events during our specific study window in the late preterm period. Although there are rapid

changes occurring across the whole brain in human preterm development, the timing and trajectory

Figure 1. Delta brushes occur with distinct topographies. Segments of EEG recordings showing individual examples of delta brushes with the most

common topographical distributions (occurred at least three times in a given subject). These rarely involved frontal and midline electrodes which are

therefore omitted for illustration clarity. Right and left posterior-temporal delta brushes occurred in 10/10 and 9/10 subjects respectively, while other

delta brushes were recorded in no more than two subjects. EEG traces and recording electrodes where delta brush activity was maximal are marked in

red. Shaded areas represent the time of occurrence of each event.

DOI: https://doi.org/10.7554/eLife.27814.002
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Figure 2. Localization of posterior-temporal delta brushes. In a group of 10 preterm infants (35 + 0 weeks PMA, range 32 + 2 to 36 + 2 weeks), right

posterior-temporal delta brush activity (blue) was significantly associated with BOLD clusters in the right temporal pole (z50, z55), right superior

temporal lobe (x28), and the right insular cortex (z60, z62, z64, z66). Left posterior-temporal delta brush activity (red-yellow) was significantly associated

with BOLD clusters in the left posterior insula (z64, z66) and left parietal operculum (z66, z68). Images show the results of a one-sample t-test (p<0.05)

performed using permutation testing and corrected for family-wise error overlaid on an age-specific T2-weighted brain atlas (Serag et al., 2012).

DOI: https://doi.org/10.7554/eLife.27814.003

The following figure supplements are available for figure 2:

Figure supplement 1. Example of subject level analysis.

DOI: https://doi.org/10.7554/eLife.27814.004

Figure supplement 2. T2-weighted MR images from two infants in our study sample imaged at 32 + 2 weeks PMA (top row) and 35 + 2 weeks PMA

(bottom row).

Figure 2 continued on next page
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of maturation has been shown to differ between regions (Makropoulos et al., 2016). In agreement

with the idea that bursting neural activity is directly linked to brain maturation, the insular cortices in

humans enter a crucial phase of their development during our study period (32–36 weeks PMA): (i)

their volumetric growth trajectories (and those of the adjacent temporal lobes) accelerate

(Makropoulos et al., 2016) and (ii) they establish an early pattern of dense functional and structural

connectivity, which allows them to assume a prominent role as cortical hubs during infancy

(Ball et al., 2014; Gao et al., 2011). As a result, the mature insulae have connections to almost all

other regions of the brain, enabling them to play a versatile role in a wide range of functions includ-

ing sensory and pain perception, multi-sensory integration, emotion, and cognition (Nieuwen-

huys, 2012). Similarly, in primates and rodents, the insulae have a dense network of connections

and play a key integrative function in sensory and behavioural processes (Butti and Hof, 2010;

Mars et al., 2013; Miranda-Dominguez et al., 2014; Zingg et al., 2014). Their anatomical maturity

is also more advanced in comparison to the surrounding cortex in early life (Huang et al., 2008;

Kroenke et al., 2007). However, there are currently no animal developmental studies that directly

address the relationship between bursting activity and maturation of this particular brain region.

The importance of the preterm period for insular development in humans is further emphasized

by studies showing that the degree of prematurity at birth, recreational drug use in pregnancy and

late onset intra-uterine growth restriction adversely affects both insular volume and thalamo-insular

connectivity at term equivalent age (Ball et al., 2012; Batalle et al., 2016; Egaña-Ugrinovic et al.,

2014; Grewen et al., 2015; Salzwedel et al., 2015), with the latter being significantly correlated

with cognitive outcome at 2 years of age (Ball et al., 2015). Furthermore, insular dysfunction and

poor growth have been implicated in a range of psychiatric conditions, including neurodevelopmen-

tal difficulties such as autism spectrum and attention deficit hyperactivity disorders which have

greater prevalence in preterm born children (Hatton et al., 2012; Johnson and Marlow, 2011).

In addition to the insulae, right-sided posterior-temporal delta brushes were associated with sig-

nificant clusters of hemodynamic activity in the right superior temporal lobe and pole (Figure 2).

This finding is of particular significance as these are regions where the subplate, a transient structure

which is thought to play a fundamental role in the generation of spindle burst activity in animals

(Tolner et al., 2012), can be qualitatively appreciated on high resolution MR images and histology

(Figure 2—figure supplement 2) (Kostović et al., 2014). In human development, the subplate fol-

lows a similar trajectory to delta brush activity, reaching maximal thickness in the middle of the third

trimester before disappearing in most of the brain by term equivalent age (Kostović et al., 2014).

The present results therefore support a link between these functional and structural developmental

features in humans.

Source localizing spontaneous delta brushes to the insulae and temporal pole does not necessary

imply that this activity starts here. Spindle bursts in animals are recorded from the cortical plate

(Yang et al., 2013), but are thought to be driven by spontaneous activity from the periphery (whis-

ker pad [Yang et al., 2009], spinal cord [Inácio et al., 2016], retina [Hanganu et al., 2006] and

cochlea [Johnson et al., 2011]); as well as from central pattern generators (CPGs) such as the pri-

mary motor cortex, brainstem and thalamus within the somatomotor system (for review see

[Luhmann et al., 2016]). It is therefore possible that other neuronal events in these centers may also

precede the occurrence of delta brushes in humans, but cannot be detected with EEG and fMRI. In

this instance, activity would then be amplified by the subplate resulting in measurable electrical-

hemodynamic events in the cortex. Nevertheless, it is unlikely that the insular activation we observed

here resulted directly from activity in the sensory periphery as the insulae are not involved in the pri-

mary processing of visual (Lee et al., 2012), auditory (Baldoli et al., 2015) or somatosensory stimuli

(Allievi et al., 2016; Arichi et al., 2010).

Bilateral and unilateral parietal, occipital and mid-temporal, but rarely frontal, delta brushes were

also sporadically recorded in individual subjects, suggesting the presence of other less active sources

of spontaneous activity at this developmental stage (Figure 3 and Supplementary file 2). In addition

to the ipsilateral primary clusters, other areas of BOLD activity were also frequently seen in the

Figure 2 continued
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anatomical homologue in the opposite hemisphere and occasionally in association areas of the cor-

tex (supplementary motor area (SMA), anterior cingulate, precuneus) or deeper structures of the

brain (thalamus and basal ganglia) (Supplementary file 3). Delta brushes with topographies other

than posterior-temporal are more frequent earlier on in development compared to the age window

studied here (Lamblin et al., 1999; Boylan, 2007; Volpe, 1995) and may represent activity from

other developing brain regions which follow a different maturational trajectory. However precise

localization of the sources of these events and others that were not recorded in our study group will

require further work in a larger study population which spans other age ranges when these regions

may be more active. Such longitudinal work may also allow an exploration of whether key features of

spindle burst activity in animals are also present in humans during maturation, such as increasing

propagation of neuronal activity in local and neighbouring networks (Yang et al., 2013) and regional

differences in oscillatory patterns (Yang et al., 2009), as well as association of these events to the

presence of the transient subplate layer.

Despite the apparent absence of a tight neurovascular coupling in perinatal rodent models

(Kozberg et al., 2016; Zehendner et al., 2013), we demonstrated for the first time in human

infants, a clear association between a direct measure of neural (EEG) and positive functional hemo-

dynamic activity (fMRI). Whilst in rodents, neurovascular coupling matures postnatally together with

the development of long-range connectivity patterns (Kozberg et al., 2016), in humans this connec-

tivity can be readily identified by the late preterm period, thus suggesting that neuronal and hemo-

dynamic activity are already closely linked by this time (Allievi et al., 2016; Doria et al., 2010;

White et al., 2012). This relationship is developmentally regulated across the neonatal period result-

ing in changing hemodynamic responses (Arichi et al., 2012) and is validated by the presence of

localised positive BOLD activation in the primary auditory and somatosensory cortices following

Figure 3. Localization of delta brush events in a single preterm infant. Example of the significant hemodynamic activity correlated to less frequent delta

brushes in a single preterm subject at 35 + 6 weeks PMA. (a) The occurrence of bilateral posterior-temporal delta brushes was significantly associated

with well localized clusters of BOLD activity (red-yellow) in the bilateral superior temporal lobe and insulae (z55); while (b) bilateral occipital delta

brushes were associated with a cluster in the medial occipital region (z33). Images show the thresholded z-statistical map with a corrected cluster

significance of p<0.05 overlaid on the subject’s T2-weighted image.
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sound and passive motor stimulation respectively (Allievi et al., 2016; Arichi et al., 2010;

Baldoli et al., 2015; Erberich et al., 2003).

Spontaneous activity is a fundamental feature of developing neural circuits well before the estab-

lishment of cortical layers (Luhmann et al., 2016) and refinement through experience dependent

mechanisms (Khazipov and Luhmann, 2006). Our findings provide the first evidence that the most

common of these neuronal events in the late preterm period are seen in the posterior temporal

regions and are largely generated by the insulae and subplate. As these events are known to have

an instructive function in cortical maturation in rodents (Hanganu-Opatz, 2010; Khazipov and Luh-

mann, 2006; Rakic and Komuro, 1995), our results suggest that these structures may play a key

developmental role as a major location of these bursting events in early human life.

Materials and methods

Participants
Thirteen preterm infants (five females; studied between 32–36 weeks post-menstrual age, PMA) 5–

55 days old (23 ± 17, mean ±SD) were recruited for this study from the Neonatal Unit at St Thomas’

Hospital, London (patient demographic information is detailed in Supplementary file 1). Informed

written parental consent was obtained prior to each study. The research methods conformed to the

standards set by the Declaration of Helsinki and were approved by the National Research Ethics

Committee.

Medical case notes were reviewed and infants were assessed as clinically stable by an experi-

enced pediatrician at the time of study. Infants were excluded if they required any respiratory sup-

port during scanning or if they were known to have a history of severe brain pathology such as

extensive intraventricular hemorrhage (grade 3 with ventricular dilatation; grade 4 with parenchymal

extension), birth asphyxia, focal intracerebral lesions affecting the parenchyma or white matter (such

as infarction, overt hemorrhage, or multiple punctate white matter lesions), severe hydrocephalus, or

congenital brain malformations.

EEG-fMRI acquisition
MR images were collected following feeding and during natural sleep on a 3-Tesla Philips Achieva

scanner (Best, Netherlands) located on the Neonatal Unit. Each infant was fitted with ear protection

(moulded dental putty and adhesive earmuffs (Minimuffs, Natus Medical Inc, San Carlos CA, USA))

and immobilized using a vacuum cushion (Med-Vac, CFI Medical Solutions, Fenton, MI, USA). An

appropriately sized, custom-made cap containing 26–32 scalp electrodes (EasyCAP GmbH, DE) was

fitted on the head of each infant prior to scanning and connected to an MR-compatible EEG system

(Brain Products GmbH, DE, RRID:SCR_009443). Blood Oxygen Level Dependent (BOLD) functional

MRI data (299–499 volumes) were collected using a T2*-weighted single-shot gradient echo echo-

planar imaging (GRE-EPI) sequence (resolution: 2.5*2.5*3.25 mm; 21 slices; TE: 30-45msec; TR:

1500msec, FA: 60–90 degrees; SENSE factor 2). Exact synchronization between the two recording

modalities was achieved by marking each MR volume acquisition on the EEG using a TTL trigger

generated by the MR scanner. High resolution MPRAGE (Magnetization-prepared Rapid Gradient

Echo) T1- and TSE (Turbo Spin Echo) T2-weighted MRI scans were also acquired in the same study

session for registration purposes and to allow more precise anatomical localization of the identified

BOLD signal changes (Merchant et al., 2009). All high resolution structural images were formally

reported by a Neonatal Neuroradiologist as showing normal appearances for age. As reported in

the literature, the subplate layer could be qualitatively appreciated in all of our study subjects as an

area of high signal on T2 images lying just below the cortex, which was most prominently seen in the

temporal poles bilaterally (Kostovic and Rakic, 1990) (Figure 2—figure supplement 2).

EEG pre-processing and analysis
Gradient artefacts caused by the MR image acquisition were filtered from the EEG data using a com-

mercially available EEG processing software package (Analyzer 2; Brain Products, DE). EEG cardio-

ballistic artefacts, which are typically observed in adults (Allen et al., 1998), were not present in our

neonatal recordings. Three independent trained observers (KW, GB, LF) reviewed the EEG record-

ings and marked the occurrence of delta brush events. Delta brushes were defined as bursts of fast
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frequency ripples of 8–25 Hz superimposed on a slow wave of 0.3–1.5 Hz (Khazipov and Luhmann,

2006; André et al., 2010; Milh et al., 2007). Inter-rater reliability was assessed using Fleiss’ Kappa

analysis (Fleiss, 1971) and resulted in a substantial agreement (median Fleiss’ Kappa 0.65 (range

0.25–0.76)). Consensus on delta brush occurrence was then reached amongst the three reviewers for

each event and confirmed by a Consultant Pediatric Clinical Neurophysiologist (RP). Events were

then labelled based on their field distribution as having unilateral (right – R or left – L), midline (M) or

bilateral (B) frontal (F), central (C), temporal (T), parietal (Pa), posterior-temporal (PT), occipital (O),

posterior-temporal occipital (PTO) or posterior quadrant (PQ) topography (Supplementary file 2).

Different topographical distributions were then used as separate Explanatory Variables (EVs) in the

general linear model (GLM) of the fMRI analysis (see below). Only EVs containing at least 3 events

were used for analysis. Two data sets were discarded because of insufficient EEG quality (due to

bridging electrodes or unsuccessful artifact removal) which made them unsuitable for reliable delta

brush detection.

fMRI data pre-processing and subject level analysis
fMRI data pre-processing and analysis were performed with an optimized pipeline for studying data

acquired from neonatal subjects using tools implemented in FSL (FMRIB’s software library, www.

fmrib.ox.ac.uk/fsl, RRID:SCR_002823) (Allievi et al., 2016; Arichi et al., 2012; Arichi et al., 2010;

Arichi et al., 2014; Arichi et al., 2013; Smith et al., 2004). Each dataset was visually reviewed to

check for data quality and for overt motion artifact. BOLD contrast time-series were then truncated

to exclude excessive motion signal artifact (based on the root mean square intensity difference to

the center reference volume) at the beginning or at the end of the recordings. One data set was dis-

carded as the remaining data segment did not contain more than 3 delta brushes with the same

topography (i.e. belonging to the same EV).

The remaining 10 subject datasets were then processed using an optimized pre-processing pipe-

line which was implemented in FEAT (fMRI Expert Analysis Tool, v5.98), including rigid-body head

motion correction (using MCFLIRT), slice-timing correction, non-brain tissue removal (using BET),

spatial smoothing (Gaussian filter of full-width half-maximum [FWHM] 5 mm), global intensity normal-

ization, and high-pass temporal filtering (cut-off 50 s) (Smith et al., 2004; Woolrich et al., 2001). As

motion artifact is known to represent a key source of bias in fMRI data, residual motion and physio-

logical noise (such as those associated with vascular or respiratory effects) were removed by per-

forming data-denoising with MELODIC (Model-free fMRI analysis using Probabilistic Independent

Component Analysis [PICA, v3.0]) (Beckmann and Smith, 2004).

Statistical analysis in FEAT was done with FMRIB’s improved linear model (FILM) with local auto-

correlation correction (Woolrich et al., 2001). A general linear model (GLM) was used to perform a

univariate (voxel-wise) fitting of the observed data to a linear combination of our explanatory varia-

bles (EVs). These included: (i) one EV for each delta brush topography (e.g. one EV for right poste-

rior-temporal delta brushes, another one for left posterior-temporal delta brushes, etc.) representing

the occurrence of each event convolved with a set of basis functions optimised for the preterm

hemodynamic response (Arichi et al., 2012) and (ii) to further ensure that motion artifact did not

affect our results, binary confound regressors to exclude each volume affected by motion (and iden-

tified as a signal outlier in the timeseries based on the root mean square intensity difference to the

reference center volume) despite MELODIC denoising. The calculated t-statistical image was then

converted to a z-statistical image and a threshold of 2.3 with a corrected cluster significance level of

p<0.05 was then used to generate spatial maps of activated voxels on an individual subject level

(Figure 2—figure supplement 1). Activation maps were then registered to the individual subject’s

high-resolution structural T2-weighted image using a 6 DOF rigid-body registration (FLIRT v5.5)

(Jenkinson and Smith, 2001). The spatial distribution of significant clusters of BOLD activity for

each subject are summarised in Supplementary file 3.

fMRI group level analysis
Individual subject activation maps corresponding to homologous delta brush topographical distribu-

tion were co-aligned to an age-specific spatio-temporal neonatal atlas using FSL’s nonlinear image

registration tool (FNIRT v2.0) (Serag et al., 2012). Group average functional clusters at a significance

of p<0.05 were then identified using permutation testing as implemented in FSL Randomise (v2.1)
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(Nichols and Holmes, 2002). A non-parametric single-group t-test with threshold-free cluster

enhancement (TFCE) with family-wise error correction (FWE) to correct for multiple comparisons was

then used to identify study population clusters associated with left and right posterior temporal

delta brush activity (Smith and Nichols, 2009).
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This is an open access article under the CC BY license (http://creativecomm
Neonatal EEG monitoring in pre-term and full-term infants
offers a window onto neurological functioning, and clinically rele-
vant insights into normative and aberrant development of cortical
activity patterns (Whitehead et al., 2017). We have recently shown
the importance of full 10/20 electrode coverage in neonatal EEG
recordings, due to the prevalence of cortical bursting over the pos-
terior temporal regions (electrodes T6/T5) (Whitehead et al., 2017).
Nevertheless, 10/20 EEG application involves a relatively high level
of handling and could be a potential stressor, especially in those
infants who are already exhibiting higher stress levels.

Salivary cortisol reflects activity of the hypothalamic pituitary
axis: increased cortisol concentration indicates increased stress.
To assess the impact of EEG set-up on systemic stress levels in hos-
pitalised infants, we measured salivary cortisol immediately before
EEG application, and approximately 15 min after the completion of
EEG application (median time between swabs: 46 min), based on
the latency and duration of stressor-induced changes in cortisol
concentration in infants (Ramsay and Lewis, 2003). EEG applica-
tion occurred between 09:00 and 17:30. Subjects included 33
un-sedated infants with gestational age 26 + 4–41 + 6 weeks +
days (median 36 + 4), corrected age 32 + 3–47 + 6 weeks + days
(median 37 + 5), and postnatal age 0.5–95 days (median 5 days).
Ethical approval was obtained from the NHS Health Research
Authority and informed written parental consent was obtained
prior to each study. Separate written consent was obtained to pub-
lish a photograph of an infant having electrodes placed.

Disposable Ag/AgCl cup electrodes were applied by an experi-
enced clinical scientist (KW). The median number of electrodes
applied was 18 (maximum 19), in addition to the ground and ref-
erence, single lead ECG and a respiratory monitor. Target impe-
dance was <10 kX. All infants were offered individualised,
developmentally appropriate comfort measures during EEG appli-
cation as and when required (e.g. swaddling if they became unset-
tled). Saliva samples were collected pre- and post-EEG application
by a research nurse (PLD) using a cotton swab. The swabs were
then frozen at �20 �C until ready for analysis. Samples were
assayed in duplicate when possible at a Salimetrics lab, using an
enzyme immunoassay that has a lower limit of sensitivity of
0.007 mg/dL and a standard curve range from 0.012 to 3.0 mg/dL.
The average intra- and inter-assay coefficients of variation were
low (3.4% and 7.6%, respectively). Cortisol concentration pre- and
post-EEG application was compared with paired Wilcoxon tests
because they were not normally distributed (Shapiro-Wilk test).
Unpaired variables were compared with Mann-Whitney or chi-
squared tests. Data analysis was carried out using IBM SPSS version
22. Statistical significance was set at 0.05.
Published by E
ons.org/license
Median cortisol concentration pre-EEG application was 0.27 mg/
dL (range 0.09–2.91), and post-EEG application was 0.37 mg/dL
(range 0.03–1.74), values similar to those found in previous neona-
tal studies (Mörelius et al. 2016). There was no difference between
cortisol concentration pre- and post-EEG application across the 33
infants (p = .201). In particular, this was also the case for vulnera-
ble sub-groups (corrected age: pre-term (<37 weeks), n = 13; ward
location: special care or high dependency unit, n = 14) (p � 0.432).

Next, we investigated whether baseline stress level influenced
the effect of EEG application by splitting infants into those with
higher pre-EEG cortisol concentration (�0.25 mg/dL, n = 17) and
lower pre-EEG cortisol concentration (<0.25 mg/dL, n = 16). Infants
with a higher pre-EEG cortisol value had a higher corrected age
than infants with a lower pre-EEG cortisol value (p = .017), while
there was no difference in sex distribution (p = .881), ward location
(special care or high dependency unit vs. postnatal ward, p = .881),
or mode of delivery (vaginal vs. caesarean section, p = .866). EEG
application was associated with a decrease in cortisol concentra-
tion in infants who had a higher concentration at baseline (p =
.023; median 0.31 mg/dL decrease, which is a median 41% decrease
in the pre-EEG value), and no change in infants who had a lower
cortisol concentration at baseline (p = .120) (Fig. 1).

Stress in hospitalised neonates is associated with adverse clin-
ical signs, including increased nociceptive cortical response follow-
ing a necessary heel lance, and fluctuations in intracranial blood
pressure (Jones et al., 2017; Mörelius et al., 2016). Consequently,
it is important to assess the impact of interventions, like EEG appli-
cation, on systemic stress levels. In this study we have shown that
EEG application, alongside appropriate comfort measures, does not
necessarily increase stress levels in hospitalised infants. Our
results should be interpreted conservatively because the hospital
environment and cumulative exposure to stressful procedures
could mask or alter reactivity. Nevertheless, previous studies have
demonstrated that salivary cortisol can significantly increase in
hospitalised neonates following a non-invasive stressor lasting
approximately as long as EEG application (neurological examina-
tion) (Mörelius et al., 2016). Therefore our finding that EEG appli-
cation is not associated with an increase in stress levels is
reassuring and supports our clinical impression (based on beha-
vioural observation, and review of heart rate and pulse oximetry
acquired by cot-side monitors where available) that EEG applica-
tion can be well tolerated by both pre-term and full-term infants.

Interestingly we show that EEG application is actually associ-
ated with decreased stress levels in infants with higher stress levels
at baseline. In line with this EEG-associated decrease in cortisol
levels, tactile stimulation of the head and body decreases stress
behaviours in neonates (Hernandez-Reif et al., 2007). Further, gen-
tle time-limited sensory stimulation significantly reduces salivary
cortisol concentration in neonates (music: Schwilling et al., 2015)
and older infants (swimming; riding in car, irrespective of whether
lsevier B.V.
s/by/4.0/).
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Fig. 1. EEG application is not associated with any change in cortisol concentration in infants with a lower stress level at baseline, while it is associated with a decrease in
cortisol concentration in infants with a higher stress level at baseline. Each coloured line represents one infant.

Letter to the Editor / Clinical Neurophysiology Practice 3 (2018) 20–21 21
sleep occurs: reviewed in Jansen et al. 2010). Therefore it is possi-
ble that EEG application has the potential to be soothing when car-
ried out by experienced staff, especially in conjunction with
comfort measures as necessary, which neonates with higher stress
levels may be more likely to both require and benefit from.
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Developmental trajectory of 
movement-related cortical 
oscillations during active sleep in a 
cross-sectional cohort of pre-term 
and full-term human infants
Kimberley Whitehead  1, Judith Meek2 & Lorenzo Fabrizi  1

In neonatal animal models, isolated limb movements during active sleep provide input to immature 
somatomotor cortex necessary for its development and are somatotopically encoded by alpha-beta 
oscillations as late as the equivalent of human full-term. Limb movements elicit similar neural patterns 
in very pre-term human infants (average 30 corrected gestational weeks), suggesting an analogous role 
in humans, but it is unknown until when they subserve this function. In a cohort of 19 neonates (31–42 
corrected gestational weeks) we showed that isolated hand movements during active sleep continue 
to induce these same somatotopically distributed oscillations well into the perinatal period, but that 
these oscillations decline towards full-term and fully disappear at 41 corrected gestational weeks 
(equivalent to the end of gestation). We also showed that these highly localised alpha-beta oscillations 
are associated with an increase in delta oscillations which extends to the frontal area and does not 
decline with age. These results suggest that isolated limb movements during active sleep could have an 
important role in experience-dependent somatomotor development up until normal birth in humans.

Isolated limb movements are fundamental for the maturation and mapping of spinal and supraspinal somatomo-
tor circuitry in neonatal animal models1,2. The afferent input from these movements is somatotopically encoded 
in the cortex by alpha-beta neural oscillations nested within a delta wave, anchoring representation in primary 
somatomotor cortices to the physical layout of the body3–5. These alpha-beta oscillations are in fact a hallmark 
of primary sensory processing in young mammals, across sensory modalities6,7. Interfering with these patterns 
compromises the normal development of cortical maps suggesting a permissive role in cortical development8. 
These brain oscillations are much more likely to be triggered by spontaneous motor activity during active sleep 
(precursor to rapid eye movement sleep) than during wakefulness9, and persist as late as postnatal day 12, which 
is broadly equivalent to human full-term9–11.

Isolated limb movements in very pre-term human infants (30 weeks corrected gestational age (CGA)) evoke 
similar somatotopically organised alpha-beta oscillations, sometimes over riding slow delta waves, especially dur-
ing active sleep12,13. This suggests an analogous permissive role of these movement-elicited patterns in human cor-
tical development14. However it is not known until what developmental stage limb movements fulfil this function.

In this study we investigated (i) whether isolated movements during active sleep are associated with somato-
topically organised alpha-beta and delta oscillations in late pre-term and term infants, and ii) at which age they 
cease to evoke these patterns.

Results: Movement is Associated with a Localised Alpha-Beta and Delta Power 
Increase
A total of 143 isolated right hand movements were recorded during active sleep across 19 subjects (Fig. 1; Videos 1 
and 4). The number of movements recorded was not associated with CGA (p = 0.518) (Fig. 2).
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Right hand movements were associated with a significant increase in alpha-beta power localised at the left 
central-parietal and central electrodes (CP3 p = 0.007 and C3 p = 0.030; 69.2% of movements were associated 
with a power increase at one or both electrode sites (Figs 1 and 3); all other electrodes p ≥ 0.052).

Right hand movements were also associated with an increase in delta power over the left frontal and 
central-parietal area (CP3 p = 0.018 and F3 p = 0.016; 68.5% of movements were associated with a power increase 
at one or both of these electrode sites (Figs 1 and 4); all other electrodes p ≥ 0.104).

There were no movement-associated changes in the control theta frequency band (p ≥ 0.267 at every 
electrode).

Results: Movement-Related Increase in Alpha-Beta Power Declined with Age
The right hand movement-related increase in left central and central-parietal alpha-beta power declined with 
CGA and fully disappeared by 41 weeks CGA (C3: r −0.253 p = 0.002, CP3: r- 0.211 p = 0.012) (Fig. 5). The 
movement-related increase in left frontal and central-parietal delta power did not change with age (CP3 and F3 
p ≥ 0.236) (Supplementary Fig. S1).

Figure 1. Examples of movement-related localised EEG changes. EEG recording during isolated right hand 
movement (yellow vertical line) in infants with corrected gestational age 34 weeks (left panels) and 39 weeks 
(right panels). Both infants are in active sleep, with continuous EEG activity as expected in this sleep state; 
in these short examples rapid eye movements and irregular respiratory rate and depth are only evident in the 
older infant. The arrow points to the localised increase in alpha-beta oscillations post-movement over the 
contralateral central region (C3). Only EEG recordings overlying frontal, central and central-parietal regions 
are shown for illustrative purposes.
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Discussion
We have shown that topographically organised movement-related alpha-beta activity is specific to pre- and 
early-term infants, linearly declines with corrected gestational age, and fully disappears at full-term15. This 
suggests that movement-related alpha-beta oscillations fulfil a role throughout the equivalent of the third 

Figure 2. The amount of isolated right hand movements did not change with corrected gestational age. Amount 
of isolated right hand movements per 30 minutes of active sleep for each of 19 infants.

Figure 3. Isolated right hand movements were associated with a localised increase in alpha-beta power. Left: 
Median (and 95% CI) alpha-beta power pre and post movement at the contralateral central-parietal (CP3) and 
central electrode (C3). Right: Topographical heat map of the median change in alpha-beta power.
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trimester of gestation, which is exhausted at full-term age even when the movements themselves persist. These 
movement-related alpha-beta rhythms are likely to indicate activation of the somatomotor cortex representing 
the right hand, according to their topographical distribution which overlaps with that evoked by tapping the hand 
(Supplementary Results). Isolated movements of other limbs are also associated with somatotopically organised 
increases in alpha-beta activity from 31 weeks CGA (Supplementary Results and Videos 1–3)12 and therefore our 
findings can be likely generalised to other body areas, such as the facial region (Video 5)16,17, although the devel-
opmental trajectory may differ18.

Prior to full-term, alpha-beta oscillations may reflect unique aspects of the immature central nervous system 
which facilitate sensory cortical development including net excitation within cortical circuits19 and amplification 
of somatosensory input in the spinal cord20 or subplate, a transient brain structure that dissolves with develop-
ment21,22. Indeed, the subplate drives alpha-beta oscillations in somatosensory cortex in animal models8 and has 
been associated with alpha-beta activity in pre-term infants23. Here we show that movement-related alpha-beta 
activity overlying somatosensory cortex disappears at full-term age, concordant with reports that other sensory 
modality-associated bursts of immature alpha-beta oscillations also decline with CGA24–27. The timing of the 
disappearance of movement-related alpha-beta activity at full-term is broadly equivalent to the end of a crit-
ical period of experience-dependent somatosensory plasticity in animal models – to which movements con-
tribute28–30. Therefore our results suggest that movement-related alpha-beta oscillations occur during an early 
period of somatosensory plasticity prior to the average time of birth (41 weeks) and may support intra-uterine 
somatosensory development in preparation for entry into the external world at full-term.

Isolated limb movements occur during the vigilance state that dominates neonatal life - active sleep. 
Movements during active sleep are unique compared to wakefulness because they affect discrete muscle groups 
and occur on a background of low muscle tone9,10. In addition they are not associated with a corollary discharge –  
a mechanism which dampens sensory input when it matches a planned movement – so afferent input follow-
ing these movements is far more likely to evoke cortical activity because it is ‘unexpected’9,10. Meanwhile, quiet 
(non-REM) sleep does not feature any isolated limb movements16. Consequently, the high amounts of active sleep 
present in the newborn period may function to provide optimal input for the developing somatosensory system 
via frequent isolated movements. Our results show that the function of movement-related alpha-beta oscillations 
is exhausted at full-term age, in parallel with the onset of a reduction in the amount of active sleep31–33.

In contrast to the movement-related increase in alpha-beta activity, the increase in delta activity does 
not decline with age. This suggests that delta activity continues to subserve a function within somatosensory 

Figure 4. Isolated right hand movements were associated with a localised increase in delta power. Left: Median 
(and 95% CI) delta power pre and post movement at the contralateral frontal (F3) and central-parietal electrode 
(CP3). Right: Topographical heat map of the median change in delta power.
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processing at full-term age34, even while overall delta activity declines as resting cortical activity patterns 
mature35–37. We suggest that movement-related alpha-beta activity may diminish first, after refining local pri-
mary somatosensory circuits. Meanwhile, movement-related delta activity may persist for longer because it 
travels across the cortex38–40, and therefore facilitates the integration of locally encoded proprioceptive feedback 
with other associative regions41–45. In line with this, we show that movement-related delta activity overlaps with 
alpha-beta activity in the parietal region, but also extends over frontal areas, which is likely to represent activation 
of frontal cortex46.

This study has some limitations. The variable number of hand movements across infants means that infants 
with a larger number of movements will contribute more to the results. Further, future longitudinal studies should 
investigate the influence of extra-uterine experience35 and intensive care admission47 on movement-related cor-
tical activity patterns. Nevertheless, our results help to build a model of experience-dependent somatosensory 
maturation in which isolated limb movements contribute to the mapping of somatomotor cortex over the equiva-
lent of the last eleven weeks of gestation, and underline the importance of protecting active sleep in newborns48–51.

Methods
Participants. Nineteen infants with CGA of 31 + 4–42 + 5 weeks + days were included in this study (Table 1). 
CGA is defined as gestational age at birth plus postnatal age. Pre-term is defined as <37 weeks52. Infants were not 
eligible for inclusion if they: (i) were receiving sedative, analgesic or anti-seizure medication; (ii) had intra-ven-
tricular haemorrhage (grades I-IV), periventricular leukomalacia, or diagnosed chromosomal abnormality. No 
infants were on respiratory support or receiving caffeine as a respiratory stimulant at the time of study except for 
the youngest infant with CGA 31 + 4 weeks + days (high flow oxygen via a nasal cannula; caffeine 5 mg/kg once 
daily, which does not affect electrical brain activity at this age53). Ethical approval was obtained from the NHS 
Research Ethics Committee, and informed written parental consent was obtained prior to each study. Separate 
informed written parental consent was obtained to publish photographs of two infants and videos of three infants. 
The study conformed to the standards set by the Declaration of Helsinki guidelines.

Electroencephalography (EEG) and other physiological recordings. EEG electrodes were 
positioned bilaterally overlying frontal (F3, F4), temporal (T7, P7, T8, P8) and occipital areas (O1, O2), with 
high-density coverage overlying central (C3, Cz, C4) and central-parietal areas (CP3, CPz, CP4), according to 

Figure 5. Movement-related increase in contralateral central alpha-beta activity declined with age. Lower 
panel: Alpha-beta power changes at C3 electrode associated with each movement from 19 infants with best 
linear fit to the data (solid line, on a logarithmic scale). Top panel: Topographical heat map of the median 
change in alpha-beta power for younger (left: 31–35 weeks CGA) and older infants (right: 36–42 weeks CGA).
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the modified international 10/10 electrode placement system. The reference electrode was placed at Fz and the 
ground electrode was placed at FC6/5. Target impedance was <10 kΩ54. Electrooculography (EOG) was recorded 
from electrodes placed laterally to the eyes (F7, F8). Lead I electrocardiography (ECG) was recorded from both 
shoulders. EEG, EOG and ECG electrodes were disposable Ag/AgCl cup electrodes. Respiratory movement was 
monitored with a transducer at the thorax (Medifactory). Data were recorded with a direct current (DC)-coupled 
amplifier from DC-800Hz using the Neuroscan (Scan 4.3) SynAmps2 EEG/EP recording system. Signals were 
digitized with a sampling rate of 2 kHz and a resolution of 24 bit.

Experimental protocol. EEG was continuously recorded at rest, and sleep-wake staged as described pre-
viously (Table S1 and Fig. S1 in35). All recordings included active sleep, which is the dominant vigilance state in 
pre-term and full-term infants. Active sleep was identified behaviourally according to cot side observation of 
rapid eye movements, largely irregular breathing, and frequent isolated limb movements. This categorisation was 
verified offline by assessing the presence of rapid eye movements (EOG), largely irregular respiratory rate and 
depth (transducer at thorax), and continuous relatively low voltage EEG (Fig. 1)16,55,56. EEGs were assessed as 
normal for age by a clinical neurophysiologist (KW) which included consideration of continuity, defined as unin-
terrupted electrical activity with <2 seconds of voltage attenuation <25 μV57. There was continuous EEG activity 
during active sleep in all infants, except the youngest with CGA 31 + 4 weeks + days. Isolated movements of the 
right hand during active sleep were monitored using a movement transducer on the right wrist (n = 17/19 infants) 
or video (n = 2/19 infants) synchronised with the EEG. When using the movement sensor, isolated movements 
were identified as deflections exceeding a set threshold and were discarded if there was less than one second of 
movement-free baseline preceding the movement, or if the sensors at the thorax or shoulders recorded the same 
displacement (suggesting artefact or widespread movement). All infants were monitored by the experimenter 
(KW) throughout each study and no generalised ‘startles’ were recorded during active sleep.

Data pre-processing. Data pre-processing was carried out using EEGLAB v.13 (Swartz Center for 
Computational Neuroscience) and custom-written Matlab code. Mains interference was removed with a 50 Hz 
notch filter (4th order Butterworth filter) and, for each epoch, baseline correction was used to remove DC offset. 
Recordings from electrodes which had poor contact with the scalp were rejected. Missing and discarded record-
ings were then estimated with spherical interpolation as implemented in EEGLAB.

EEG power analysis. Data analysis was carried out using EEGLAB v.13, custom-written Matlab code and 
IBM SPSS version 22. We compared the power content in the alpha-beta (8–20 Hz) and delta (0.2–2 Hz) fre-
quency bands in the 1 second after the movement with that in the 1 second preceding the movement at every 
electrode (Wilcoxon paired tests). Changes in the theta (4–6 Hz) band were calculated as a negative control. A 
tapering Hanning window was used in the calculation of the power spectrum to reduce spectral leakage. Data 
were analysed with non-parametric tests because they were not normally distributed (Shapiro-Wilk test <0.05). 
Movement-related power changes were expressed in decibels (Eq. 1). Their developmental trajectory against CGA 
was then assessed (Spearman’s correlation coefficients). Statistical significance threshold was set to 0.05 for all 
tests.
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Data Availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on reasonable request.
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� Diaphragm contraction in neonates evoked a sequence of three event-related potentials.
� Hiccups can be encoded by the brain as early as ten weeks prior to average time of birth.
� Hiccups – frequent in neonates – provide afferent input to the developing brain.

a b s t r a c t

Objective: Involuntary isolated body movements are prominent in pre-term and full-term infants.
Proprioceptive and tactile afferent feedback following limb muscle contractions is associated with soma-
totopic EEG responses. Involuntary contractions of respiratory muscles, primarily the diaphragm – hic-
cups – are also frequent throughout the human perinatal period during active behavioural states. Here
we tested whether diaphragm contraction provides afferent input to the developing brain, as following
limb muscle contraction.
Methods: In 13 infants on the neonatal ward (30–42 weeks corrected gestational age), we analysed EEG
activity (18-electrode recordings in six subjects; 17-electrode recordings in five subjects; 16-electrode
recordings in two subjects), time-locked to diaphragm contractions (n = 1316) recorded with a move-
ment transducer affixed to the trunk.
Results: All bouts of hiccups occurred during wakefulness or active sleep. Each diaphragm contraction
evoked two initial event-related potentials with negativity predominantly across the central region,
and a third event-related potential with positivity maximal across the central region.
Conclusions: Involuntary contraction of the diaphragm can be encoded by the brain from as early as ten
weeks prior to the average time of birth.
Significance: Hiccups – frequently observed in neonates – can provide afferent input to developing sen-
sory cortices in pre-term and full-term infants.
� 2019 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Involuntary isolated limb movements are prominent in pre-
term and full-term infants (Fukumoto et al. 1981; Hadders-Algra
et al. 1993; Grigg-Damberger 2016). Unilateral hand movements
evoke somatotopic electroencephalography (EEG) activity overly-
ing the contralateral fronto-central scalp area (Milh et al. 2007;
Whitehead et al. 2018b), while bilateral body movements evoke
symmetrical EEG activity (Losito et al. 2017). This coupling indi-
cates that frequent limb muscle contractions in the perinatal per-
iod may provide afferent input to the developing cortex, which in
neonatal animal models allows the refinement of body surface rep-
resentations (Khazipov et al. 2004; Tiriac et al. 2012).

Alongside the external body map, the mature somatomotor cor-
tex has dedicated areas representing the internal body environ-
ment, including the thoracic cavity (Maskill et al. 1991). These
are crucial for monitoring the status of vital functions such as
breathing, and thereby allow adaptive motor control of respiratory
musculature (McKay et al. 2003; Wheeler-Hegland et al. 2011). As
for external body representations, these internal body maps may
also require early afferent input for their development.
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In parallel with the high frequency of involuntary limb muscle
contractions, involuntary contractions of respiratory muscles – hic-
cups – are also common in the equivalent of the last trimester of
gestation: they are a dominant motor activity pattern in pre-
term infants, occupying an estimated 1% of the day (Lipton et al.
1964; Swann 1978; Brouillette et al. 1980; van Woerden et al.
1989; Pillai and James 1990; de Vries and Fong 2006). Hiccups typ-
ically occur in bouts, which last for approximately 8 minutes, and
happen predominantly during active behavioural states in fetuses,
and during wakefulness in neonates (Wagner 1939; Brouillette
et al. 1980; Pillai and James 1990). These events are a form of reflex
motor activity. The efferent limb is mainly the phrenic and external
intercostal nerves, which trigger contraction of the diaphragm pri-
marily and the intercostal muscles, as well as the vagus nerve
which innervates the striated muscles of larynx and pharynx
(Video 1) (Kahrilas and Shi 1997; Kandel et al. 2000). The afferent
limb of the hiccup reflex arc is poorly defined but appears to be
mediated by multiple tracts including the phrenic and vagus
nerves (Kahrilas and Shi 1997; Ceriani et al. 2010). To investigate
whether these respiratory muscle contractions could provide affer-
ent input to the developing cortex from the internal body environ-
ment, we analysed EEG time-locked to hiccups in pre-term and
full-term neonates.
2. Methods

2.1. Subjects

We identified infants who had hiccups by reviewing 217
research EEG recordings, each from a unique subject with cor-
rected gestational age at study (CGA) 28 + 2–47 + 6 weeks + days,
acquired between September 2015 and March 2019 (the CGA
and other demographic details of the subset of infants who had
hiccups are presented in Table 1). Infants who required mechanical
ventilation were unsuitable due to difficulty in accessing EEG elec-
trode placement sites, but all other infants including those who
required a low to moderate degree of respiratory support (High
flow oxygen or Continuous Positive Airway Pressure) were eligible.
Research complied with the Code of Ethics of the World Medical
Association (Declaration of Helsinki) and ethical approval was
obtained from the NHS Health Research Authority. Parents gave
informed written consent, and separate informed written consent
was obtained to publish video of one infant. EEG was recorded
for approximately 70–90 minutes, in line with recommended best
Table 1
Clinical data of infants who had hiccups.

Subject/Sex CGA GA+PNA Neurology

#1/F 30 + 3 27 + 6 + 18 Normal
#2/M 30 + 4a 27 + 3 + 22 Normal
#3/M 32 + 6 26 + 4 + 44 Normal
#4/M 33 + 6 32 + 6 + 7 Mild ventriculom
#5/M 34 + 5 33 + 6 + 6 Normal
#6/F 34 + 5a 34 + 0 + 5 Normal
#7/F 34 + 6 23 + 5 + 78 GM-IVH (grade
#8/F 35 + 5 35 + 3 + 2 Normal
#9/M 35 + 6 30 + 0 + 41 GM-IVH (IPL R;
#10/F 36 + 5a 35 + 6 + 6 Normal
#11/F 37 + 1 35 + 3 + 12 Normal
#12/M 37 + 5 37 + 2 + 3 Normal
#13/F 42 + 0 41 + 3 + 4 Normal
Median 34 + 6 33 + 6 + 7

CGA = corrected gestational age at study (weeks + days); GA = gestational age at birth (w
plus postnatal age. For example, an infant born at 35 weeks + 2 days, who is 3 days old,
GM-IVH = germinal matrix-intraventricular haemorrhage; IPL = intraparenchymal lesion

a These infants were in active sleep at onset of hiccups. All other infants were awake
b Magnetic resonance imaging (MRI) delimited the intraparenchymal lesion to the rig
practice (Shellhaas et al. 2011). The presence of a bout of hiccups
was recorded at the cot side, alongside annotations of the infant’s
vigilance state which was categorised according to behavioural,
respiratory and EEG criteria: wakefulness and active sleep are both
characterised by movement, irregular breathing, and largely con-
tinuous relatively low voltage EEG (Supplementary Fig. 1); quiet
sleep is characterised by the absence of movement, regular breath-
ing, and an EEG pattern which fluctuates in amplitude (Tsuchida
et al. 2013; Grigg-Damberger 2016; Whitehead et al. 2018a).

2.2. EEG recordings

Eighteen recording electrodes (disposable Ag/AgCl cup elec-
trodes) were positioned individually by a clinical neurophysiolo-
gist (KW) according to the international 10/20 electrode
placement system (F7, F8, F3, F4, Cz, C3, C4, T7, T8, P7, P8, O1,
O2), with additional central-parietal and temporal coverage (CPz,
CP3, CP4, TP9, TP10). In 2/13 infants, 2/18 electrodes were sacri-
ficed because the infant became slightly unsettled during set-up
(F7/F8 or TP9/TP10). The EEG reference electrode was placed at
Fz. Target impedance was < 10 kX (André et al. 2010).

2.3. Polygraphy recordings

A movement transducer was applied to the lower trunk and a
single lead I ECG was recorded from the upper trunk, both time-
locked to the EEG recordings (Video 1). After a bout of hiccups
was annotated at the cotside, one of these recordings was utilised
offline as a hiccups registration trace (lower trunk 10/13 infants,
upper trunk 3/13 infants). Each individual contraction was identi-
fied by thresholding this signal, on which a deflection occurred
with each event (Fig. 1, Supplementary Fig. 1).

2.4. Pre-processing

Data pre-processing was carried out using Curry v.7, EEGLAB
v.14, and custom-written MATLAB code. EEG data were bandpass
filtered at 1.5–40 Hz (2nd order Butterworth filter) with a 50 Hz
notch filter (4th order Butterworth filter) and then epoched from
�400 until +1300 ms around event onset. One epoch containing
movement artefact was discarded from three datasets, and two
datasets were de-noised using independent component analysis
(component representing ECG breakthrough was removed)
(Onton and Makeig 2006). The number of epochs analysed per
Respiratory support No. epochs analysed

High flow oxygen 118
High flow oxygen 49
High flow oxygen 80

egaly (L > R) Nil 94
Nil 82
Nil 138

III R > L) High flow oxygen 234
Nil 7

grade I L)b Nil 42
Nil 83
Nil 22
Nil 132
Nil 235

eeks + days); PNA = postnatal age (days). CGA is defined as gestational age at birth
is CGA 35 weeks + 5 days. Term is defined as � 37 weeks.
secondary to GM-IVH. R = right; L = left.
.
ht basal ganglia, thalami and posterior limb of the internal capsule.



Fig. 1. Representative 10-second long hiccups registration trace (movement
recording from lower trunk) in which two hiccups occur, from subject #3. The
event onset (0 ms) is identified by thresholding (dashed horizontal line) this signal.
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infant was: 235, 234, 138, 132, 118, 94, 83, 82, 80, 49, 42, 22, and 7
(resulting in 1316 epochs analysed) (Table 1). The median time
interval between events was 3.1 seconds (inter-quartile range:
2.1 seconds, minimum interval: 1.2 seconds). The number of
epochs analysed per infant was not associated with the median
interval between their hiccups (Pearson correlation p = .520, IBM
SPSS version 25). Missing and discarded electrode recordings were
estimated with spherical interpolation as implemented in EEGLAB
v.14 (1/18 electrode recordings were discarded due to artefact in
five infants). All EEG epochs were re-referenced to common aver-
age (retrieving the reference channel Fz) and baseline corrected
by subtracting the mean baseline signal (-400 to 0 ms). Individual
responses were estimated by averaging epochs within subject. The
signal to noise ratio of each subject’s response was not associated
with the number of epochs analysed (Supplementary Results;
Fig. 2 visually demonstrates the good signal to noise ratio for each
infant independently of number of epochs analysed).

2.5. Analysis of hiccup event-related potential

The presence of an event-related potential (ERP) was estab-
lished using the Topographic Consistency Test, which examines if
and at what latencies a stimulus consistently elicits the same scalp
field distribution across subjects using Global Field Power (GFP)
measurements (standard deviation of the recordings across elec-
trodes at each time point) analysed with non-parametric permuta-
tion statistics timepoint by timepoint (n = 1000 randomization
runs among channels) (Koenig and Melie-García 2010). Data anal-
ysis was implemented in Ragu (Koenig et al. 2011). Statistical sig-
nificance threshold was set to 0.05 for all tests. An ERP was
considered significant if the time period in which the test resulted
in p < .05 exceeded 30 ms. Unlike methods to control for multiple
comparisons such as false discovery rate, this considers the proba-
bility that consecutive samples pass the significance threshold
(Guthrie and Buchwald 1991). To provide a visual representation
of the topography of each ERP, we generated grand average and
individual subject scalp field maps. To facilitate the comparison
of topographies across individual subjects, the scalp field map of
each ERP for each individual subject was symmetrically scaled to
its own peak value.

3. Results

Six percent of infants (13/217, Table 1) had a bout of hiccups
during their EEG study, with median duration of 7 consecutive
minutes (range 1–16). In line with previous reports (Wagner
1939), a bout of hiccups was more likely to occur in infants who
were awake during EEG monitoring (chi-squared test (n = 217):
p = .005, Phi 0.193; 10 infants were awake at the onset of hiccups,
and 3 infants were in active sleep). On the other hand, the inci-
dence of a bout of hiccups was not associated with CGA (binary
logistic regression using the Enter Method (n = 217): p = .144).

Cot side observation indicated that hiccups were not associated
with changes in respiratory rate (e.g. Fig. 1) or oxygen saturation
level (available in 10/13 infants), and statistical analysis demon-
strated that the heart-rate of the infants was also unaffected (mean
150 beats per minute (standard deviation (SD): 16) immediately
prior to the hiccup bout and 149 beats per minute (SD: 15) imme-
diately after the hiccup bout, LabChart HRV software: paired t-test
p = .925 (n = 11 because of poor ECG quality in two infants)). Taken
together these data indicate that hiccups were well-tolerated by
this cohort, which is in line with previous reports of hiccups in
non-mechanically ventilated infants (Brouillette et al. 1980;
Niemarkt and Andriessen, 2012).

Diaphragm contraction evoked a change in EEG activity com-
pared to baseline for every infant (illustrated in Fig. 2). (This
included the two infants with germinal matrix-intraventricular
haemorrhage (Table 1), in line with reports that sensory responses
can be evoked in infants with this injury (Slater et al. 2010;
Nevalainen et al. 2015)). Even if there was inter-subject variability,
diaphragm contraction-related EEG activity had statistically con-
sistent topography across infants, i.e. ERPs, between �49 to
35 ms (GFP peak latency: 16 ms), 91 to 150 ms (GFP peak latency:
125 ms), and 223 to 913 ms (GFP peak latency: 310 ms) (Figs. 3 and
4). The first ERP comprised fronto-central-temporal negativity,
with positivity most prominent across the posterior region. The
second ERP comprised central and posterior negativity, with posi-
tivity most prominent across the anterior and bi-temporal regions.
The third ERP comprised central and posterior positivity, with neg-
ativity most prominent bi-temporally (except in the very youngest
subject #1 (Fig. 4)). The strength of this event-related EEG activity
was not associated with the CGA of the subjects (mean Global Field
Power across the latencies the stimulus elicited topographically
consistent EEG activity, Pearson correlations: first ERP: p = .561,
second ERP: p = .216, third ERP: p = .774; Supplementary Fig. 2).
4. Discussion

Diaphragm contraction can evoke a clear cortical response in
neonates between 30–42 weeks CGA. This shows that hiccups pro-
vide afferent input to the cortex over the equivalent of the last tri-
mester of gestation.

The first two potentials recorded have comparable topography
to potentials recorded in neonates up to 185 ms following bilateral
myoclonus (Losito et al. 2017) and mechanical somatosensory
stimulation of limbs and face, which are somatotopically dis-
tributed in pre- and early-term infants (Desmedt and Manil
1970; Hrbek et al. 1973; Laget et al. 1976; Karniski et al. 1992;
Taylor et al. 1996; Pike et al. 1997; Pihko et al. 2004; Tombini
et al. 2009; Fabrizi et al. 2011; Nevalainen et al. 2015; Donadio
et al. 2018; Whitehead et al. 2019). In older children and adults,
perception of respiratory muscle contraction, and other signals
from the thoracic cavity, is associated with a sequence of scalp-
recorded ERPs across the fronto-central region lasting until
600 ms post stimulus (Macefield and Gandevia 1992; Davenport
et al. 2000; Frøkjær et al. 2011; Gentsch et al. 2019). In non-
human primates, comparable short-latency potentials are recorded
from the cortical surface of trunk representation of primary
somatosensory cortex, as well as motor and posterior parietal cor-
tex (Amassian 1951). The initial potentials following diaphragm
contraction may therefore reflect encoding of afferent input associ-
ated with respiratory muscle contraction within the developing
somatosensory cortex.

The final potential, positive across the central region, has a sim-
ilar topography to that recorded in neonates between approxi-
mately 200–315 ms following bilateral myoclonus (Losito et al.
2017) and somatosensory stimulation of the body, but is much
longer lasting (Karniski et al. 1992; Nevalainen et al. 2015;
Whitehead et al. 2019). Consequently, the later part of the cortical



Fig. 2. Individual EEG responses following hiccups. Butterfly plots of each recording electrode for each of 13 infants (Table 1). Negative amplitudes are plotted upwards as
per convention.
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response associated with hiccups may differ, at least in part, from
that following simple somatosensory feedback. Hiccups are some-
times associated with auditory input produced by abrupt closure of
the glottis (Video 1; Supplementary Fig. 1) (Wagner 1938; Lewis
1985). Simple auditory stimuli evoke an ERP in neonates with
latency and scalp topography very similar to the final potential
observed here (Fifer et al. 2010; Chipaux et al. 2013; Kaminska
et al. 2018). Therefore, this final potential following diaphragm
contraction could encode a multi-sensory stimulus. Further, the
stimulus here is most often processed while the infant is awake.
To our knowledge this is the first study of neonatal cortical
responses, of any modality, largely acquired during wakefulness,
because newborns spend so little time awake (Curzi-Dascalova
et al. 1993). During wakefulness - i.e. a state of heightened atten-



Fig. 3. Grand average of the EEG responses following hiccups. Upper panel:
Hiccups registration trace (purple solid line) and standard deviation (dashed lines);
EEG recordings at each electrode from individual infants (blue lines) and grand
average (black lines); Global Field Power (GFP) of the grand average EEG recordings.
Negative amplitudes are plotted upwards as per convention. Lower panel: GFP of
the grand average EEG recordings showing timing and duration of consistent EEG
activity across subjects, i.e. event-related potentials (green shading) and their
topographies (averaged across their duration as defined by the Topographic
Consistency Test). The height of the grey area indicates the p-value of the
Topographic Consistency Test. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Individual EEG topographies following hiccups. Topographies of each
event-related potential (averaged across their duration as defined by the Topo-
graphic Consistency Test, and individually symmetrically scaled to their own peak
value) for each of 13 infants (Table 1) and the grand average. (MIN = Minimum
voltage (-mV); MAX = Maximum voltage (+mV)).
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tion - sensory information may be encoded differently. For exam-
ple, in adults long-latency ERPs are only recorded if the stimulus
has entered awareness (Libet et al. 1967; Kitazawa 2002). Although
animal models indicate that, until postnatal day 11, afferent input
following body movements during wakefulness is relatively unli-
kely to evoke cortical activity (Tiriac et al. 2014; Dooley and
Blumberg 2018), here we show in human infants 30–42 weeks
CGA that brief contractions of a discrete set of respiratory muscles
during wakefulness can evoke pronounced cortical responses of
similar strength across the age range.

The cortical response characterised in this study is clearly not
explained by hiccup-related movement artefact (i.e. electrodes dis-
placement) because a) it is topographically organised, especially
across the central region, b) the central electrodes are less likely
to be affected by movement as they are placed at the crown of
the head and therefore do not brush against bedding or the care-
giver (Scher 2006), c) the morphology of the full response recorded
does not resemble the movement recorded by the hiccups registra-
tion trace and lasts for much longer (Fig. 3).

Fetal ultrasound imaging demonstrates that hiccups are present
from just nine weeks gestational age, at which time they are partic-
ularly frequent, and then plateau across the third trimester (Pillai
and James 1990; de Vries and Fong 2006). Therefore repetitive con-
tractions of the diaphragm are one of the earliest established motor
activity patterns within the rudimentary functional systems of the
fetus. We show here that the sensory feedback from these contrac-
tions can be encoded by the brain from as early as 30 weeks CGA,
ten weeks prior to the average time of birth. The establishment of
early sensory circuits is a crucial developmental milestone for new-
born infants (Fabrizi et al. 2011). Our study demonstrates that con-
tractions of respiratory muscles provide sensory input from the
internal body environment to the developing brain and may provide
the necessary information for the formation of interoceptive repre-
sentations. This would explain the marked prevalence of hiccups in
neonates compared to adults (Brouillette et al. 1980).
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Abstract
The somatosensory system has a hierarchical organization. Information processing increases in complexity from the
contralateral primary sensory cortex to bilateral association cortices and this is represented by a sequence of
somatosensory-evoked potentials recorded with scalp electroencephalographies. The mammalian somatosensory system
matures over the early postnatal period in a rostro-caudal progression, but little is known about the development of
hierarchical information processing in the human infant brain. To investigate the normal human development of the
somatosensory hierarchy, we recorded potentials evoked by mechanical stimulation of hands and feet in 34 infants between
34 and 42 weeks corrected gestational age, with median postnatal age of 3 days. We show that the shortest latency potential
was evoked for both hands and feet at all ages with a contralateral somatotopic source in the primary somatosensory cortex
(SI). However, the longer latency responses, localized in SI and beyond, matured with age. They gradually emerged for the
foot and, although always present for the hand, showed a shift from purely contralateral to bilateral hemispheric activation.
These results demonstrate the rostro-caudal development of human somatosensory hierarchy and suggest that the
development of its higher tiers is complete only just before the time of normal birth.

Key words: brain development, EEG, ERP, mechanical stimulation, pre-term neonates

Introduction
The processing of somatosensory information in the mammalian
cortex has a hierarchical organization. Features of increasing
complexity are encoded in an ascending system of connected
cortical areas and functions to allow, for example, the localization
and then conscious perception of the various qualities of touch
(Felleman and Essen 1991; Iwamura 1998; Dijkerman and Haan

2007). Areas within primary somatosensory cortex (SI) sequen-
tially encode the location and characteristics of contralateral
somatosensory input, before other areas integrate information
from the 2 body sides and integrate multiple sensory modalities,
facilitating object recognition and motor planning (Kandel et al.
2000). Early somatosensation may contribute to survival beha-
viors such as feeding, rudimentary motor skills like grasping, and
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the beneficial effects which parenting provides (Colson et al.
2008; Hackman et al. 2010; Molina et al. 2015).

In rodents, functional somatosensory architecture develops
over the first few postnatal weeks (McVea et al. 2012), which
correspond to the last trimester of gestation in humans (Clancy
et al. 2007) and follows a rostro-caudal developmental gradient.
This is clear from the sequential organization of SI: (i) neurons
in SI initially respond almost exclusively to whiskers stimula-
tion, while responses to forelimb appear later and are finally
followed by responses to hindlimb stimulation (McCandlish
et al. 1993; Seelke et al. 2012); (ii) amputation of the forelimb at
P0 results in the corresponding SI representation to respond to
hindlimb, but not whiskers, stimulation suggesting that inputs
from the facial area have already matured at birth (Pluto et al.
2003). In addition, complex sensorimotor interactions such as
placing (i.e., lifting a paw and placing the sole flat on a support
platform) in response to a gentle touch develops for the fore-
limb before the hindlimb (Donatelle 1977). In line with these
findings in animal models, upper limb grasp is more common
than lower limb grasp in full-term neonates (Colson et al. 2008).
However, little is known about when the different levels of the
somatosensory processing pathway mature in humans, or
whether this maturation occurs first for the upper limbs.

The connections which allow the flow of tactile information
along the somatosensory processing pathway structurally
develop and refine across the third trimester and perinatal
period. Cortical Layer IV begins to differentiate between 20 and
26 weeks of gestation (Burkhalter et al. 1993; Rees et al. 2010)
with early thalamo-cortical contacts, synaptogenesis and verti-
cal inter-layer connections occurring from 24 to 26 weeks
(Flower 1985; Burkhalter et al. 1993; Volpe 2009). However,
synaptogenesis of thalamo-cortical and cortico-cortical connec-
tions is most pronounced from 28 weeks until full-term age, in
line with extensive dendritic development (Flower 1985). The
entry of callosal fibers into the cortex from 33 weeks (Volpe
2009), disappearance of the somatosensory subplate from 36
weeks (Kostovic and Rakic 1990), dense intra-layer horizontal
cortical connections by 37 weeks (Burkhalter et al. 1993), and a
peak in axon growth within the parietal white matter at 38–42
weeks (Haynes et al. 2005) suggests that the inter- and intra-
hemispheric cortico-cortical circuits necessary for higher-order
somatosensory functioning may mature within the late pre-
term and perinatal period. Indeed, functional magnetic reso-
nance imaging (f)MRI experiments indicate that the equivalent
of the last trimester of gestation is characterized by more spa-
tially complex functional somatosensory responses with
increasing integration of the ipsilateral hemisphere and associ-
ation cortices (Allievi et al. 2016).

Somatosensory processing can be investigated with high
temporal resolution by recording scalp electroencephalography
(EEG) and analyzing the multiple somatosensory-evoked poten-
tials (SEPs) arising in response to stimulation. Indeed, in adults,
SEPs have been linked to different levels of the processing hier-
archy of tactile information: early SEPs, consistent with a
source in SI (Allison et al. 1992), are recorded in adults even if
stimuli do not elicit conscious perception, whereas later SEPs
from 80 to 500ms, likely to be generated beyond SI (Frot and
Mauguière 1999; Hoechstetter et al. 2001), are only recorded if
the stimulus has entered awareness (Libet et al. 1967; Kitazawa
2002).

The maturation of higher-level somatosensory processing in
the developing pre-term brain is poorly understood because the
majority of studies have focussed only on the primary afferent
volley. At 29–33 weeks, a single high amplitude negative

response can be elicited by somatosensory stimulation, of max-
imal amplitude at the contralateral central region following
hand stimulation and at the midline central region after foot
stimulation (Hrbek et al. 1973; Milh et al. 2007; Vanhatalo et al.
2009; Whitehead et al. 2016, 2018) while by full-term age the
somatosensory response comprises a sequence of positive and
negative SEPs, as in adults (Karniski et al. 1992; Fabrizi et al.
2011). The first of these events in response to hand stimulation
is a negative-positive complex (N1–P1) (Desmedt and Manil
1970; Hrbek et al. 1973; Laget et al. 1976; Karniski et al. 1992;
Taylor et al. 1996) over the contralateral central area occurring
between 30 and 100ms, or a positive deflection (P1, 37–50ms)
over the midline central area following stimulation of the foot
(Vaughan 1975; Georgesco et al. 1982; Gilmore et al. 1987; White
and Cooke 1989; Minami et al. 1996; Pike et al. 1997). The soma-
totopic organization of the electric and magnetic field of these
early potentials is that of a forward pointing dipole consistent
with activity in Brodmann Area (BA) 3b of the SI representation
of the stimulated limb, indicating the arrival of the peripheral
afferent volley (Minami et al. 1996; Pike et al. 1997; Pihko et al.
2004; Lauronen et al. 2006).

Much less is known about longer-latency potentials, which
are considered to reflect higher-order processing levels further
along the hierarchical tree (Nevalainen et al. 2014; Saby et al.
2016). At full-term, stimulation of the hands and feet elicits a
second negative deflection (N2) at 150ms following the early
N1 and/or P1, and, less consistently reported, a second posi-
tive peak (P2) at 240ms and a third negative peak (N3) at
450ms (hands: Desmedt and Manil 1970; Hrbek et al. 1973;
Laget et al. 1976; Karniski et al. 1992; Taylor et al. 1996; Pihko
et al. 2004; Nevalainen et al. 2015; Maitre et al. 2017; Donadio
et al. 2018); feet: (Cindro et al., 1985; Minami et al. 1996; Pike
et al. 1997; Slater et al. 2010; Fabrizi et al. 2011; Donadio et al.
2018). These potentials emerge over the equivalent of the last
trimester of gestation (Hrbek et al. 1973; Fabrizi et al. 2011),
but when each tier of the hierarchical chain is established is
not known.

We hypothesized that the inter- and intra-hemispheric corti-
cal changes that underpin somatosensory processing could be
functionally reflected in the emergence of specific SEPs and
changes in their source in humans. To address this, we recorded
SEPs following tactile stimulation of all 4 limbs in late pre-term
and full-term neonates with a corrected gestational age (CGA) of
34–42 weeks where CGA is defined as gestational age (GA) at
birth + postnatal age. To ensure that our data reflect intrinsic
somatosensory maturation, and are not affected by experience,
our cohort has a median postnatal age of just 3 days. We then
mapped the emergence and topographical and source localiza-
tion changes of each potential across CGA.

Materials and Methods
Subjects

34 infants evenly spread between 34 + 5–42 + 5 CGA (weeks +
days) were recruited for this study from the postnatal ward and
special care baby unit at the Elizabeth Garrett Anderson wing
of University College London Hospitals between September
2015 and July 2016 (Table 1). No neonates were acutely unwell,
receiving neuroactive medication or receiving respiratory sup-
port at the time of study. Infants were neurologically normal
both at the time of study and at the date of discharge based on
review of medical notes and the discharge summary. No sub-
jects had congenital abnormalities except for a single neonate

2246 | Cerebral Cortex, 2019, Vol. 29, No. 5

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article-abstract/29/5/2245/5370832 by U

niversity C
ollege London Library user on 24 January 2020



with a cleft lip. Cranial ultrasound scans were reported as nor-
mal when subjects were referred for one (n = 6, including the
baby with a cleft lip). All EEGs were assessed as normal for CGA
by a clinical neurophysiologist (KW) according to Tsuchida
et al. (2013): developmental features included alternating pat-
terns and frequent delta brushes in the youngest infants and
continuous multi-frequency activity, with no delta brushes, in
the oldest infants (Supplementary Fig. S1).

Ethical approval was obtained from the NHS Research Ethics
Committee, and informedwritten parental consent was obtained
prior to each study. The study conformed to the standards set by
the Declaration of Helsinki guidelines and was well tolerated:
28/30 of the neonates who were asleep at study onset slept
through the whole protocol.

Vigilance state prior to stimulation of each limb was catego-
rized according to EEG and respiratory criteria as wakefulness
or active sleep in 72/113 and quiet sleep in 41/113 with no sig-
nificant difference according to CGA (binary logistic regression
P = 0.124), or which of the 4 limbs was stimulated (Pearson Chi-
square P = 0.433).

EEG Recording

Eighteen recording electrodes (disposable Ag/AgCl cup electro-
des) were positioned according to the modified international
10/10 electrode placement system, with high-density central–
parietal and temporal coverage, at F7, F8, F3, F4, Cz, CPz, C3, C4,
CP3, CP4, T7, T8, P7, P8, TP9, TP10, O1, and O2. A reduced num-
ber of electrodes were applied if the infant became unsettled
during set-up (median 18; 30/33 infants had ≥16 electrodes).
The reference electrode was placed at Fz (Pike et al. 1997;
Tombini et al. 2009; Vanhatalo et al. 2009; Trollmann et al.
2010) and the ground electrode was placed at FC1/2. Target
impedance of electrodes was <10 kΩ (André et al. 2010). A single
lead I ECG was recorded from both shoulders. Respiratory
movement for sleep staging was monitored with an abdominal
transducer. EEG was recorded with a direct current (DC)-cou-
pled amplifier from DC-800 Hz using the Neuroscan (Scan 4.3)
SynAmps2 EEG/EP recording system. Signals were digitized
with a sampling rate of 2 kHz and a resolution of 24 bit.

Tactile Stimulation

Mechanical taps were delivered by KW to the lateral edge of the
infants’ palms and heels using a hand-held tendon hammer
with a 15-mm2 contact surface (Supplementary Videos 1 and 2).
The hammer had a piezo-electric transducer that allowed to
measure the force applied at each tap, and to record the precise

timing of the stimulation on the EEG recording (Worley et al.
2012). A train of maximum 48 somatosensory stimuli was deliv-
ered to each limb. The interstimulus interval was large, vari-
able, and self-paced by the experimenter (8–15 s) as shorter
intervals could attenuate long latency SEPs (Desmedt and
Manil 1970; Gibson et al. 1992; Nevalainen et al. 2015). In case
the infant moved, the tap was delayed for several seconds to
avoid potential modulation of the somatosensory response by
the movement (Saby et al. 2016) and to allow movement arti-
facts to resolve. The sequence in which the limbs were stimu-
lated varied across subjects. In 7 neonates, it was not possible
to stimulate one of the 2 hands because of the presence of a
cannula, and a reduced amount of stimuli were delivered if the
baby became unsettled. This resulted in a total of 113 stimula-
tion trains (i.e., stimulated limbs) of 6–48 stimuli (mean ± SD:
19 ± 8.1) with a mean (±SD) force of 267 (±71) mN.

Data Pre-processing

Data pre-processing was carried out using EEGLAB v.13 (Swartz
Center for Computational Neuroscience). Data were down-
sampled to 512Hz, bandpass filtered at 1.5–40Hz (second-order
Butterworth filter) with a 50-Hz notch filter (fourth-order
Butterworth filter) and then epoched from −400 until +1300ms
around the stimulus. Although high-pass filtering can distort
slow components of the somatosensory response (Pihko and
Lauronen 2004), it is widely used to detect short-duration
potentials characteristic of mature somatosensory responses
(George and Taylor 1991). 23 epochs from 18 datasets contain-
ing movement artifact were completely discarded, and 16 data-
sets were de-noised using independent component analysis
(independent components representing (i) transient electrode
“pop”, (ii) sinusoidal electrical interference, (iii) rapid eye move-
ments, and (iv) ECG breakthrough were removed) (Onton and
Makeig 2006). This resulted in a total of 2104 epochs analyzed.
Bad channels (poor contact with the scalp) were removed and
then estimated with spherical interpolation as implemented in
EEGLAB. All EEG epochs were re-referenced to common average
(retrieving the reference channel Fz), baseline corrected by sub-
tracting the mean baseline signal (−200 to 0ms) and averaged
across repetitions (i.e., each subject was characterized by a sin-
gle average response per limb stimulated).

Analysis of Somatosensory Response

Grand Average Analysis
We first identified the SEPs present following the stimulation of
each limb. The grand average of the EEG response and its global

Table 1 Demographics of the sample population divided into 4 age groups

Total Pre-term Early-term Full-term Late-term

No. of neonates 34 9 9 8 8
Median (range) CGA at time of study (weeks+days) 38 + 1 35 + 4 37 + 4 40 + 0 41 + 5

(34 + 5–42 + 5) (34 + 5–36 + 4) (37 + 0–38 + 1) (39 + 2–40 + 3) (41 + 0–42 + 5)
Median (range) GA at birth (weeks+days) 37 + 6 35 + 2 37 + 0 39 + 5 41 + 1

(34 + 2–41 + 4) (34 + 2–36 + 0) (35 + 5–38 + 0) (38 + 6–40 + 2) (40 + 2–41 + 4)
Median (range) postnatal age at study (days) 3 (1–11) 4 (2–5) 3 (1–11) 1 (1–3) 5 (1–11)
Median (range) birth weight (g) 2810 2270 2680 3200 3605

(1780–3968) (1780–2910) (2280–3170) (2250–3630) (2790–3968)
% Males 44 33.3 33.3 37.5 75.0
No. multiple gestation neonates 3 1 2 0 0

CGA indicates corrected gestational age; GA indicates gestational age; SD indicates standard deviation.
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field power (GFP) to left hand (LH), right hand (RH), left foot (LF),
and right foot (RF) stimulation across all subjects was calcu-
lated. SEPs latencies were identified as local GFP maxima using
the MATLAB function findpeaks.m. A local GFP peak was defined
as a data sample that is larger than its 2 neighboring samples,
has an amplitude of more than 1 μV and a prominence of more
than 0.15 μV. The prominence of a peak indicates the extent by
which a peak stands out in relation to other neighboring peaks
(for a full definition of prominence refer to the MATLAB docu-
mentation for the function findpeaks.m).

SEPs Emergence Analysis
We then investigated the changes in SEPs occurrence with
CGA. Individual SEPs presence was established at subject level
with a 2 steps approach: (i) definition of a spatio-temporal region
of interest (ROI) from the grand averages and (ii) assessment of
individual peaks.

We first defined the spatio-temporal ROI within which indi-
vidual peaks had to fall to be considered present. To define the
spatial ROI, we plotted the topographies of the grand averages
at the latencies of the local GFP peaks (4 peaks × 4 limbs, Fig. 1)
and marked the equipotential line at half maximum of the larg-
est peak at each latency (Supplementary Fig. S2). This is equiv-
alent to determining the 2D Full-Width at Half-Maximum of
the peaks. The spatial ROI was defined as the union of all the
equipotential lines and encompassed the pericentral electrodes
(C3, C4, CP3, CP4, Cz, CPz) (Supplementary Fig. S2). The temporal
ROI was defined as the time interval in which the recording
from at least one of the electrodes within the spatial ROI signif-
icantly deflected from baseline. A significant deflection (P <
0.05) was determined with a point-by-point t-test comparing
each time point following stimulation (standard deviation (SD)
calculated across subjects) to baseline (SD calculated across
subjects and time).

Individual SEPs were then identified as local temporal and
spatial maxima/minima occurring within the spatio-temporal
ROI. Peaks potentially representing SEPs were first identified
from the recordings at the pericentral electrodes using the
MATLAB function findpeaks.m. These were data samples that
were larger/smaller than their 2 neighboring samples, had a
prominence of more than 2 μV, width at half-prominence of
more than 14ms and occurred within the temporal ROI
(Supplementary Fig. S3). If more data points satisfied these cri-
teria the latency of that closest to the grand average SEP was
selected. If no data point satisfied these criteria the SEP was
considered absent. If a peak potentially representing an SEP
was present, its topography was assessed against the spatial
ROI. Spatial maxima/minima at the latencies of the selected
peaks were identified using the MATLAB functions imregional-
max.m and imregionalmin.m (Supplementary Fig. S3). If the spa-
tial maxima/minima fell within the boundary of the spatial ROI
the SEP was finally considered present. Changes in occurrence
(and amplitude) of each potential according to CGA were then
assessed using a logistic (and linear) regression model for
hands and feet separately. In this analysis, a significant posi-
tive regression coefficient represents an increase in the occur-
rence of a potential with age. Throughout, the 95% confidence
interval was calculated using parametric bootstrapping.

To provide a visual representation of the developmental
changes in the somatosensory response waveform, we gener-
ated average traces for the contralateral and midline pericen-
tral electrodes for each of 4 age groups (pre-term, early-term,
full-term, and late-term, Table 1).

SEPs Topography Development Analysis
We then investigated changes in the SEPs topographies with CGA
using global dissimilarity (DISS), which quantifies differences
between 2 electric fields, sampled at the scalp, independently of
their strength (Murray et al. 2008; Tzovara et al. 2012). We first calcu-
lated the mean topographies of each SEP for the oldest infants (CGA
≥ 42 weeks) by averaging the topographies (normalized by GFP) of
the peaks classified as present (Figs 4 and 5 bottom row). We then
compared the topographies (normalized by GFP) of each individual
with these references by calculating DISS. This index ranges
between 0 and 2, with 0 meaning that topographies are identical
and 2 meaning that topographies are inverted. A topography was
considered “similar” to the reference topography if DISS was lower
than the median of all the DISS calculated (which was 0.819).
Changes in occurrence of topographies “similar” to those of the old-
est infants according to CGA were then assessed using a logistic
regression model for hands and feet separately. The datasets used
to calculate the reference topographies were excluded from this
regression to not bias the results. In this analysis, a significant posi-
tive regression coefficient represents an increase in the occurrence
of topographies “similar” to that of the oldest infants with age.

To explain changes in DISS, topographies were then classified
into contralateral (x < −25°), midline (−25°< x < 25°) and ipsilateral
(x > 25°) according to the angular distance of the main peak from
the midline. Changes in occurrence of peaks with midline topog-
raphy were then assessed using a logistic regression model for
hands and feet separately. In this analysis, a significant positive
regression coefficient represents an increase in the occurrence of
peaks with midline topography with CGA.

To provide a visual representation of the developmental
changes in the SEPs topographies, we generated average scalp
maps for each of the 4 age groups (Table 1). Average scalp maps
were obtained averaging data normalized by GFP from subjects
for whom the SEPs were present.

Source Localization Analysis
We then localized the cerebral generators of the SEPs for each
of the 4 age groups (Table 1). To estimate the source of activity
from the scalp SEPs, we need to consider 2 distinct modeling
problems: (i) the forward model (or head model) that repre-
sents the electromagnetic properties of the head and of the
sensor array, and (ii) the inverse problem that estimates the
brain sources which produced the scalp EEG data. Because
cerebral anatomy changes rapidly over the developmental
period considered in this study, we created an age-specific
realistic head model for each of the 4 age groups (Routier et al.
2017). To do that, we used a 3-layer (scalp, 0.33 S/m; skull,
0.0042 S/m, and brain, 0.33 S/m) boundary element method
(BEM) model of age-matched MRI templates (35 weeks CGA for
the pre-term, 37 weeks for the early-term, 39 weeks for the
full-term, and 41 weeks for the late-term group) derived from
the Neonatal Brain Atlas (Serag et al. 2012). The reconstruction
of the BEM models was performed using the OpenMEEG soft-
ware (Kybic et al. 2005; Gramfort et al. 2010). Each layer con-
sisted of 1082 vertices. A grid of points that sampled the full
brain volume (volume points) was generated using an adaptive
integration method, which is available in Brainstorm (Tadel
et al. 2011). The full brain volume was used as source space.
Anatomical landmarks (nasion, right, and left ears) were man-
ually defined on the MRI images and used for EEG electrodes
co-registration. The relative position of the EEG electrodes was
taken from the MNI coordinates available in Brainstorm (Tadel
et al. 2011).
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We then solved the inverse problem with the equivalent cur-
rent dipole (ECD) method for each subject for whom the SEPs
were classified as present using the age-appropriate head model.

ECD assumes that one focal source, described by an infinitesi-
mally small line element (Hämäläinen et al. 1993), generates the
observed scalp electrical activity and has been extensively used

Figure 1. Grand average of the EEG responses following mechanical stimulation of all 4 limbs. Within each panel we displayed: (i) the grand average of the recordings

at each electrode, where shading represent significant deflections (P < 0.05) from baseline; (ii) the global field power (GFP) of the grand average with marked local max-

ima representing the SEPs; and (iii) topographies of each SEP (normalized by GFP).
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for the localization of SI activity in both neonates (Pihko et al.
2004; Nevalainen et al. 2015) and adults (Inui et al. 2004;
Papadelis et al. 2011, 2012). The location, orientation, and
moment of the dipole was estimated for each infant at the
latency of each SEP using a source scanning method implemen-
ted in Brainstorm (Tadel et al. 2011). This method searches itera-
tively for the dipole explaining best the recordings without any a
priori definition of the initialization point. Unconstrained source
analysis was performed in the volume space for each infant. For
each dipole, we calculated the goodness-of-fit (GOF) that indi-
cates the percentage of the data that can be explained by the
model. Only dipoles with a GOF > 80% were considered for group
analysis. High values of GOF indicate that the EEG signal is domi-
nated by the contribution from a single focal source. Other possi-
bly simultaneously active sources are either uncorrelated with
the stimulus and thus reduced by averaging or have been atten-
uated by filtering (Papadelis et al. 2011). For each SEP, ECDs were

classified as in-cluster or scattered for each of the 4 age groups,
depending on their spatial contiguity. A cluster was defined as 5
or more dipoles located within a 20-mm distance for hands stim-
ulation or 25-mm distance for feet stimulation. The ECD localiza-
tion findings were superimposed on the age-specific template
MRI. For each SEP, only ECD solutions which were in-cluster
were regarded as reliable; for these solutions, the mean dipole
was also estimated (ECD having as location, orientation, and
moment the mean values of all dipoles).

Results
Mechanical Stimulation of the Limbs Evokes a
Sequence of 4 SEPs

Mechanical stimulation of the LH, RH, LF, and RF consistently
evoked a sequence of 4 SEPs: P1, N2, P2, and N3 (Fig. 1). The

Figure 2. SEPs occurrence in response to the stimulation of both hands according to corrected gestational age (CGA) at time of study. Upper panel: illustrative mean

response recorded at the midline and contralateral pericentral electrodes in 4 age groups (pre-term, early-term, full-term, and late-term) (Table 1). Bottom panels:

occurrence of each potential in respect to CGA and significance of the correlation. Gray dots represent mean occurrence in 1-week windows (calculated only for illus-

trative purposes), the red solid line is the logistic regression curve and the dashed red lines delimit the 95% confidence interval.
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latencies of the peaks were at approximately P100-N150-P230-
N440 for the hands and at P50-N160-P300-N450 for the feet.

The Short-Latency P1 Potential is Already Established
from 34 Weeks CGA

P1 was recorded in 87.9% of the test occasions following hand
stimulation and 87.3% following foot stimulation indepen-
dently of the CGA of the infants (hands: P = 0.287; feet: P =
0.312, Figs 2–3) with a stable amplitude (hands (2.4 ± 0.6 μV
[mean ± SD]): P = 0.839; feet (2.3 ± 0.7 μV): P = 0.312). When
recorded, P1 had a stable topography (DISS vs. CGA, hands: P =
0.166; feet: P = 0.672, Figs 4–5) which was maximal contralater-
ally 98.0% of the times with a contralateral pericentral source
(Fig. 6) for the hands and at the midline 97.9% of the times
(with medial pericentral source at early-term, Fig. 7) for the

feet independently of CGA (hands: P = 0.332; feet P = 0.139,
Figs 4–5).

The Long-Latency Potentials Mature Over the Late
Pre-term and Perinatal Period

N2 was recorded in 84.5% of the test occasions following hand
stimulation and 92.7% following foot stimulation indepen-
dently of CGA (hands: P = 0.445; feet: P = 0.121, Figs 2–3). The
amplitude following hand stimulation decreased from 2.6 μV
before 36 weeks to 2.3 μV after 41 weeks (P = 0.018), but
remained stable following foot stimulation (P = 0.633). The N2
topography following hand stimulation changed with age (DISS
vs. CGA, P = 0.023, Fig. 4) with a shift from contralateral (100%
before 36 weeks CGA with a contralateral pericentral source,
Fig. 6) to midline (P = 0.014, no reliable source localization, Figs

Figure 3. SEPs occurrence in response to the stimulation of both feet according to corrected gestational age (CGA) at time of study. Upper panel: illustrative mean

response recorded at the midline and contralateral pericentral electrodes in 4 age groups (pre-term, early-term, full-term, and late-term) (Table 1). Bottom panels:

occurrence of each potential in respect to CGA and significance of the correlation. Gray dots represent mean occurrence in 1-week windows (calculated only for illus-

trative purposes), the red solid line is the logistic regression curve and the dashed red lines delimit the 95% confidence interval.
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4 and 6). N2 following foot stimulation had a stable topography
(DISS vs. CGA, P = 0.169, Fig. 5) which was maximal at the mid-
line 96.1% of the times independently of the CGA (P = 0.443)
with a medial pericentral source (Fig. 7).

P2 was recorded in 91.4% of the hand stimulations indepen-
dently of CGA (P = 0.776), but in only 22.2% of the foot stimula-
tions before 36 weeks CGA and increased in occurrence with
CGA (P = 0.008, Fig. 2). However, when present, the P2 following
hand or foot stimulation remained stable in amplitude (hands

(2.3 ± 0.5 μV): P = 0.864; feet (2.6 ± 0.5 μV): P = 0.674) and topogra-
phy (DISS vs. CGA, hands: P = 0.122; feet: P = 0.378, Figs 4 and
5). This was maximal at the midline for both hands (94.3%) and
feet (90.9%) independently of the CGA of the infants (hands: P =
0.116; feet: P = 0.313, Figs 4 and 5) with a medial pericentral
source (Figs 6 and 7).

N3 was recorded following 84.5% of the hand stimulations
independently of CGA (P = 0.115, Fig. 2), with a stable amplitude
(−2.3 ± 0.5 μV: P = 0.835), but its topography changed with age

Figure 4. Development of the topographical distribution of the SEPs in response to the stimulation of both hands. Upper panel: illustrative mean topographical distri-

bution within 4 age groups (pre-term, early-term, full-term, and late-term). The color scale is normalized to the maximum absolute value within each map. Bottom

panels: occurrence of topographies “similar” to the topography at CGA ≥ 42 weeks and occurrence of midline topographies in respect to CGA at time of study. Gray

dots represent mean occurrence of “similar” (upper graphs) or midline topographies (lower graphs) in 1-week windows (calculated only for illustrative purposes), the

red solid line is the logistic regression curve and the dashed red lines delimit the 95% confidence interval.
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(DISS vs. CGA, P = 0.005, Fig. 4) with a shift from contralateral
(100% before 36 weeks CGA with a contralateral pericentral
source, Fig. 6) to midline (P = 0.004, no reliable source localiza-
tion, Fig. 4). N3 was not recorded following any of the foot sti-
mulations before 36 weeks CGA and increased in occurrence
with CGA (P = 0.001, Fig. 3). When present, N3 following foot
stimulation remained stable in amplitude (−2.5 ± 0.6 μV: P =
0.614) and topography (DISS vs. CGA, P = 0.852, Fig. 5), which

was maximal at the midline 92.3% of the times independently
of the CGA (P = 0.754, Fig. 5) with a medial pericentral source
from early-term (Fig. 7).

Discussion
We mapped the maturation of the hierarchical processing of
tactile inputs in the developing human brain from the late pre-

Figure 5. Development of the topographical distribution of the SEPs in response to the stimulation of both feet. Upper panel: illustrative mean topographical distribu-

tion within 4 age groups (pre-term, early-term, full-term, and late-term). The color scale is normalized to the maximum absolute value within each map. Bottom

panels: occurrence of topographies “similar” to the topography at CGA ≥ 42 weeks and occurrence of midline topographies in respect to CGA at time of study. Gray

dots represent mean occurrence of “similar” (upper graphs) or midline topographies (lower graphs) in 1-week windows (calculated only for illustrative purposes), the

red solid line is the logistic regression curve and the dashed red lines delimit the 95% confidence interval.
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term (34–36 weeks CGA) to full-term age (up to 42 weeks CGA)
using SEPs. We found that mechanical stimulation of hands
and feet evokes a sequence of 4 deflections representing differ-
ent levels of this hierarchy: P1, N2, P2, and N3. While the short-
latency P1 (lowest processing level) is already developed at 34
weeks CGA, the later potentials (higher processing levels)
mature between 34 and 42 weeks CGA. We were also able to
localize the source of many of the potentials observed at differ-
ent ages despite the limited number of electrodes that can be
applied to the scalp of a neonate. Here, we frame our results
within existing evidence from studies which used other imag-
ing techniques in neonates and adults (e.g., fMRI and magneto-
encephalography (MEG)), and animal studies. Nevertheless, the
source of the observed potentials cannot be unequivocally attri-
buted to specific cortical areas because of the inherently low
spatial resolution of 18 channels EEG recordings, the lack of
individual MRI, and co-registration between the functional and
anatomical data, and the rapidly changing brain anatomy in
this developmental period.

Short-Latency: P1

P1 can be recorded following median and tibial nerve electrical
stimulation from as early as 29 weeks CGA (Hrbek et al. 1973;
Gilmore et al. 1987; Karniski et al. 1992; Pike et al. 1997) and, in
adults, has been attributed to generators in SI, potentially in BA
3b (Allison et al. 1992; Papadelis et al. 2011), representing the

arrival of the peripheral afferent input to the cortex (Papadelis
et al. 2012). This indicates that thalamic-SI pathways for both
upper and lower limbs are in place, consistent with evidence of
maturity of these tracts by 31 weeks according to postmortem
(Flower 1985; Volpe 2009) and functional MRI measures (Dall’Orso
et al. 2018). Here, we confirm that the same potential can be
evoked with mechanical stimulation of hands and feet from 34
weeks CGA and demonstrate that its source is consistent with pri-
mary somatosensory representations in SI allowing somatotopi-
cally organized information to be available for processing within
higher-order brain regions: a pre-requisite of hierarchical somato-
sensory processing (Thivierge and Marcus 2007). Indeed, animal
models confirm that hierarchical propagation of somatosensory-
evoked cortical activity depends upon this initial activation
(Quairiaux et al. 2011).

Long-Latency: N2

N2 emerges over the last trimester of gestation and can be
evoked with face, hand and foot stimulation from as early as
31–34 weeks CGA (Hrbek et al. 1973; Karniski et al. 1992; Taylor
et al. 1996; Pike et al. 1997; Fabrizi et al. 2011; Donadio et al.
2018). At full-term, it is maximal at the vertex and thought to
be generated from bilateral post-central gyrus (Karniski et al.
1992). Here, we show that even if present for hands and feet at
34 weeks CGA, the N2 electric field changes with development
as the main negative peak shifts from an early purely unilateral

Figure 6. Individual and mean equivalent current dipoles (ECDs) locations for P1, N2, P2, and N3 superimposed on age-specific neonatal MRI templates for stimulation

of both hands. The individual ECDs are color coded based on their goodness-of-fit (GOF) and displayed separately for each SEP (P1, N2, P2, and N3) and age group (pre-

term, early-term, full-term, and late-term). Only individual ECDs with GOF > 80% and mean dipoles for in-cluster localization solutions (>5 dipoles located within a

20-mm distance) are displayed. ECDs are projected on the axial slice passing through the center of the ECDs distribution. The dorsoventral positions of the axial slices

are marked (white dashed lines) on the sagittal view on the right together with the mean dipoles. The mediolateral position of the sagittal slices is marked on the

axial slices for P1 (white dashed lines).
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distribution with a contralateral pericentral source to more
midline at full-term.

The respective contralateral and midline topography and
source position of N2 to hand and foot stimulation in the youn-
gest group are consistent with the somatotopic representation
of the body in SI. The observed shift in topography to hand
stimulation could then represent an increase in the involve-
ment of the ipsilateral homologous region in the generation of
this potential, as the electric field from both hemispheres sum-
mate at the midline, while canceling out elsewhere (Scherg and
Von Cramon 1985). Such a developmental change would not be
observed following foot stimulation because of the proximity of
the contra and ipsilateral representation of this body part in SI.
However, this could not be confirmed by our source localization
analysis possibly due to the high variability of the localization
for this potential leading to a non-reliable solution.

While P1 is likely generated by BA 3 in SI which does not
receive callosal connections even in adulthood and therefore
remains a lateralised potential throughout life (Shanks et al.
1985), the latency and largely symmetrical topography of N2 at
full-term would be consistent with a source beyond BA 3, such
as BA 2. BA 2 is still within SI but receives connections from the
homologous region of the other hemisphere allowing a first
bilateral integration of somatosensory information (Keysers
et al. 2010). In line with this idea, functional and structural
studies in humans and animal models have highlighted the
emergence of inter-hemispheric communication over the last

trimester of gestation or its equivalent (Seggie and Berry 1972;
Erberich et al. 2006; Yang et al. 2009; Quairiaux et al. 2011;
McVea et al. 2012; Allievi et al. 2016; Kozberg et al. 2016). In this
context, the decreasing amplitude of the N2 observed here is
concordant with increasing inter-hemispheric inhibition medi-
ated by the corpus callosum (Marcano-Reik et al. 2010).

Unlike the P1 which has a consistent topography across
development, the N2 reflects a clear change between the pre-
term and late-term period at this second level of the somato-
sensory hierarchy. The maturation of this processing level,
which potentially allows the discrimination of bilateral tactile
stimuli, occurs over the period at which birth into the extra-
uterine environment is due (37–40 weeks). As this is the age at
which feeding begins, during which infants typically grasp the
breast with their palms (Colson et al. 2008), the ability to inte-
grate bilateral somatosensory input would be advantageous to
this end.

Long-Latency: P2

P2 emerges over the last trimester of gestation, can be evoked
with face, hand, and foot stimulation and, at full-term, is maxi-
mal at the vertex (Hrbek et al. 1973; Fabrizi et al. 2011;
Nevalainen et al. 2015; Donadio et al. 2018). Here, we show that
P2 is already established for the upper limbs at 34 weeks CGA,
but is still emerging for the lower limbs at this age, providing
the first evidence of a rostro-caudal developmental gradient of

Figure 7. Individual and mean equivalent current dipoles (ECDs) locations for P1, N2, P2, and N3 superimposed on age-specific neonatal MRI templates for stimulation

of both feet. The individual ECDs are color coded based on their goodness-of-fit (GOF) and displayed separately for each SEP (P1, N2, P2, and N3) and age group (pre-

term, early-term, full-term, and late-term). Only individual ECDs with GOF > 80% and mean dipoles for in-cluster localization solutions (>5 dipoles located within a

25-mm distance) are displayed. ECDs are projected on the axial slice passing through the center of the ECDs distribution. The dorsoventral positions of the axial slices

are marked (white dashed lines) on the sagittal view on the right together with the mean dipoles. The mediolateral position of the sagittal slices is marked on the

axial slices for P1 (white dashed lines).
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somatosensory functions in humans. Moreover, considering
that P2 is still emerging while N2 is already established, this
indicates a hierarchical developmental gradient, where higher
levels of the somatosensory processing stream develop later.
This is in line with rodent models which demonstrate later
components emerging within the somatosensory response
from P16 (Quairiaux et al. 2011).

The earlier development of the P2 to hand stimulation, com-
pared with foot stimulation, could arise from faster maturation
of cortico-cortical pathways from hand areas of SI to other
associative areas. In line with this, in rat pups SI cortex is only
clearly separated into columns, thus facilitating efficient out-
puts, for their most important body surfaces (vibrissae and
forelimbs) (Armstrong-James 1975). Equivalent preferential
development of upper limb somatosensory circuits is indicated
in humans by the fact that, perinatally, only the pericentral
gyri corresponding to hand representations are myelinated
(Barkovich et al. 1988). Fine hand function is advantageous as
soon as infants enter the extra-uterine environment, e.g., for
breast-feeding as described above. Therefore, early maturation
of upper versus lower limb somatosensory pathways may con-
fer this advantage.

The vertex topography of the P2 with a stable midline peri-
central source for both hands and feet is consistent with a
medial structure with no somatotopic arrangement such as the

Supplementary Motor Area (SMA), which is involved in motor
preparation (Mima et al. 1999; Cunnington et al. 2003) and is
strongly integrated into the somatosensory response in infants
from 34 weeks (Allievi et al. 2016), adults (Burton et al. 1993;
Ruben et al. 2001) and non-human primates (Wong et al. 1978).
In adults, SMA can respond to contralateral and ipsilateral
somatosensory stimulation and is therefore capable of bilateral
activation following unilateral stimulation. In infants, inter-
hemispheric functional connections between the right and left
SMAs are in place from the late pre-term period (Barkovich
et al. 1988; Smyser et al. 2010), facilitated by the accelerated
development of the callosal tracts linking the frontal lobes
from 33 weeks (Rakic and Yakovlev 1968). Scalp topography
and source localization would not reflect these developmental
changes because of the proximity to the midline of the SMAs.

Moreover, activation of SMA is likely to occur in parallel
with activation of the secondary somatosensory cortex (SII) and
posterior parietal cortex (BA 5 and 7) which subserve tactile
object recognition, internal body image, and integrate somato-
sensory with visual information to facilitate eye-hand coordi-
nation (Kandel et al. 2000; Dijkerman and Haan 2007; Keysers
et al. 2010; Leib et al. 2016). SII opercular and posterior parietal
cortices are structurally interconnected and, in adults, are
simultaneously active at 50–140ms after a somatosensory
stimulus (Allison et al. 1989; Mauguière et al. 1997; Keysers

Figure 8. Summary of the current evidence (including the present study) about the emergence and hemispheric involvement for the SEPs representing the different

stages of the somatosensory processing hierarchy for hands and feet stimulation. On the right-hand side, possible generators of each potential are summarized

(SI, primary somatosensory cortex; SMA, supplementary motor area; PPC, posterior parietal cortex; SII, secondary somatosensory cortex).
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et al. 2010). In line with this, MEG experiments—which are
most sensitive to opercular generators—have also identified
activation of SII cortex at a comparable latency to our P2 follow-
ing taps to the hand of infants ≥38 weeks CGA (Nevalainen
et al. 2015). Taken together, the P2 potential could be associated
with activation of a SMA source, which is likely to occur
together with activation of SII and posterior parietal cortex sup-
porting parallel processing streams by full-term age.

Long-Latency: N3

The N3 potential is scarcely reported in the literature. Here, we
show that in pre-term infants the N3 is evoked by hand but not
foot stimulation, reinforcing the idea that upper limb pathways
within the higher levels of the somatosensory hierarchy
mature earlier. However, this potential follows a similar devel-
opmental topographic shift to N2 which suggests an increas-
ingly bilateral cortical generator and therefore an initially not
fully developed hand response too. Taken together, these find-
ings indicate that this potential is the latest to mature which is
consistent with it representing the very highest level of
somatosensory processing for newborn infants. The contralat-
eral topography and source position to hand stimulation and
midline topography to foot stimulation in the youngest group
are consistent with the somatotopic representation of the body
in SI and the similar topographic shift to N2 following hand
stimulation suggests a shared or nearby generator. Forward
projections to associative areas from SI are reciprocated by
backward projection (Friedman 1983; Cauller et al. 1998), so the
N3 recorded here could represent a successive re-activation of
the neuronal population that earlier generated the N2. This
would explain its late-maturation, as feedback projections
develop after feedforward ones (Berezovskii et al. 2011). Top-
down re-activation is hypothesized to bind together parallel
streams of sensory feature analysis, and predict future sensory
inputs (Cauller et al. 1998; Berezovskii et al. 2011).

Summary

There is a dynamic evolution in hierarchical somatosensory
processing across the late pre-term and perinatal period. 4 sep-
arate potentials comprise the neonatal somatosensory
response: P1, N2, P2, and N3. The initial P1 potential is consis-
tent with an elementary SI generator while the subsequent N2
potential is concordant with a higher-level generator such as
BA 2. Both potentials are present from 34 weeks but, while the
P1 remains stable, the changing topography of the N2 suggests
increased involvement of the ipsilateral hemisphere in somato-
sensory processing. Meanwhile, the P2 and N3 have a unique
developmental profile which indicates a gradient in the matu-
ration of cortical somatosensory processing starting from the
upper before the lower limbs.

The late potentials following stimulation of the body surface
could represent a neuronal marker for higher-order somatosen-
sory processing in late pre-term and full-term infants (Fig. 8).
Investigating how experience-dependent processes shape the
development of this hierarchical somatosensory system will be
an important next step in understanding why some pre-term
infants develop sensorimotor difficulties.

Supplementary Material
Supplementary material is available at Cerebral Cortex online.
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Abstract

Facial somatosensory feedback is critical for breastfeeding in the first days of life. However,

its development has never been investigated in humans. Here we develop a new interface

to measure facial somatosensation in newborn infants. The novel system allows to measure

neuronal responses to touching the face of the subject by synchronously recording scalp

electroencephalography (EEG) and the force applied by the experimenter. This is based on

a dedicated force transducer that can be worn on the finger underneath a clinical nitrile

glove and linked to a commercial EEG acquisition system. The calibrated device measures

the pressure applied by the investigator when tapping the skin concurrently with the resulting

brain response. With this system, we were able to demonstrate that taps of 192 mN (mean)

reliably elicited facial somatosensory responses in 7 pre-term infants. These responses had

a time course similar to those following limbs stimulation, but more lateral topographical dis-

tribution consistent with body representations in primary somatosensory areas. The method

introduced can therefore be used to reliably measure facial somatosensory responses in

vulnerable infants.

Introduction

Facial somatosensation is critical for breastfeeding [1] and thus for appropriate weight gain in

the first weeks of life [2]. In very pre-term infants, born up to three months early, breastfeeding

can be suboptimal resulting in insufficient weight gain [3]. This is possibly because very pre-

term birth can be associated with injury to afferent pathways, which may compromise the sen-

sory feedback and cues normally provided by newborn feeding behaviours such as mouth gap-

ing, licking and jaw jerking [4,5]. In line with this hypothesis, the use of pacifiers in pre-term

infants improves feeding performance, potentially by somatosensory cortical reorganization
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compensating the deficit caused by the injury [6,7]. Currently, the development of facial soma-

tosensation in humans is unknown, precluding a model of how this vital function establishes,

and could be modified by pre-term birth, perinatal brain injury, or extra-uterine experience.

Somatosensory processing can be studied using electroencephalography (EEG). Peripheral

stimulation elicits a sequence of deflections in the EEG called evoked potentials, that represent

the activation of the cortical areas involved in the processing of the incoming afferent input

[8,9]. Measuring the latency, amplitude and topographical distribution of this activity has a

wide range of clinical and research applications related to the integrity and functioning of the

somatosensory pathways [10]. Evoked potentials undergo relatively rapid changes over the

equivalent of the last trimester of gestation as the brain matures [11,12]. Therefore, monitoring

the development of these responses to touching the face could provide an insight into the mat-

uration of neonatal facial somatosensation. However, existing stimulators are inadequate for

facial stimulation in infants. Electrical and thermal stimulation are unethical for non-clinically

required neonatal research protocols as they can extend into the nociceptive range [13,14].

Mechanical stimulation has been used as a suitable alternative for the stimulation of the limbs

[15–18], but requires further caution and considerations to stimulate the delicate facial area

and be accepted by the parents of these vulnerable subjects. Here we developed a new system

to this end. This is based on a force transducer that an experimenter can wear on the finger

underneath a clinical nitrile glove, linked to a commercial EEG acquisition system. The experi-

menter can then apply pressure on the skin of the subject while the sensing device provides a

force measure time-locked with the neuronal activity. In this way the experimenter has full

control of the magnitude and location of the force applied, providing a safe and versatile way

to study facial somatosensory development in human pre-term infants.

Materials and methods

Circuit design considerations

To measure the cortical neuronal response of an infant to an experimenter’s touch, the system

has to simultaneously record the force applied by the experimenter and the infant’s EEG.

Moreover, it should fulfil the general requirements of any medical device, in particular be

harmless and non-absorbent (can be wipe-cleaned with hospital detergent for infection control

purposes).

An iterative design approach was used to develop the new device. We manufactured and

tested an initial prototype (S1 Methods; S1 Fig), which led to the final device described here.

The final design yields a sensorised finger consisting of i) a force transduction compartment

and ii) a sensor-recording system interface.

Force transduction

Force was transduced into a measurable resistance change with a standard piezoresistive force

sensor (Flexiforce A301 from Tekscan). Key advantages of this sensor are i) its small size, lead-

ing to a compact measurement device that can be worn on the experimenter’s finger, ii) the

simplicity of use, as it requires only a very simple conditioning circuit, and iii) the detectable

force range that allows to record very light taps. A hemispherical rubber bumper (3M Bum-

pon) was affixed on the sensor surface with a pressure sensitive adhesive to evenly spread the

load on the whole sensing area of the transducer.

Facial somatosensation in pre-term infants
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Sensor-recording system interface

EEG can be recorded with commercially available polygraphy systems, such as the Neuros-

canTM SynAmps 2 used here. Such devices usually have auxiliary high voltage input lines to

allow the concurrent recording of external signals. The resistance change provided by the

piezoresistive force sensor was therefore converted into a voltage signal that could then be

directly fed to the amplifiers of the polygraphy system.

The force sensor converts the force applied by the experimenter into variable resistance

value RS (RSmax = 5MO), which, according to the typical performance curve of the A301 force

sensor [19], is inversely related to the force:

RS ¼
k
F

ðEq 1Þ

where k is an unknown constant.

Changes in Rs are then converted into a voltage signal through an amplifier, which is set up

as recommended in the A301 manufacturer’s datasheet (Fig 1). An RC low pass filtering circuit

was also placed at the amplifier output.

In this configuration, the output voltage of the sensor-recording system interface in relation

to Rs is:

VOUT t;Rsð Þ ¼ VOUT t ¼ 0ð Þ � VT

RF
ðjwC2RFþ1Þ

RS þ R2

 !

1 � e
� 1=jwR1 C1

� �
ðEq 2Þ

which, considering a static or quasi-static load (i.e. ω = 0), can be simplified to:

VOUT ≅ � V T �
RF

RS þ R2

ðEq 3Þ

where VT and RF are the voltage drive and the feedback resistor of the amplifier, respectively.

The value of the feedback resistor RF was chosen so that forces between 0–700 mN (i.e. corre-

sponding to a gentle tap) spanned the full dynamic range of VOUT (0 to +5V). Considering that

in this force range, Rs� R2, eq.3 can be approximated to:

VOUT ≅ � V T �
RF

RS

¼ �
V T RF

k
F ðEq 4Þ

The +5V power supply for the amplifier (LMC7101 Texas Instruments) and the -5V voltage

drive VT were respectively obtained directly and through a charge pump inverter (TPS60403

Texas Instruments) from the auxiliary lines of the SynAmps 2 which provides a +5V power

supply.

The whole system is powered at low-voltage (5V) and is very low power (below 1 mW) via

the EEG system which is isolated from the main with an isolating transformer according to

medical safety requirements.

Development

A custom-made printed circuit board (PCB) was designed using Eagle CAD by Autodesk Inc.

and manufactured by OSH Park (https://oshpark.com). The sensorised finger electronics con-

sist of: two pin A301 Flexiforce sensor, charge pump inverter TPS60403 Texas Instruments,

amplifier LMC7101 Texas Instruments, RC low pass noise filtering and three poles connector

(+5V, Ground and VOUT) to link the device to an auxiliary line of the SynAmps 2 EEG system.

The board is made on 2 layers with the sensor and all the components placed on the top layer.

Facial somatosensation in pre-term infants
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The pins of the A301 are directly soldered to the board providing a compact solution and a flat

surface, which is necessary for the correct functioning of the transducer. The resulting board

had compact dimensions (53.5x13x1.6 mm3) and could be encased in a small box of similar

size (Fig 2A). The board and all its components were placed between an upper and a lower

case, which are held together with four screws. The cases were printed using an “Objet30 Pro”

3D printer, which has a resolution of 0.1 mm required for the small dimensions of the box.

The box has no sharp edges or corners. Three rubber bands placed in the lower case allow the

user to wear the product under the finger, making the device suitable for different finger sizes

(Fig 2B).

Fig 1. Recommended amplifier set-up configuration circuit for the A301 Flexiforce sensor (modified from[19]).

https://doi.org/10.1371/journal.pone.0207145.g001

Fig 2. Sensorised finger device. A) 3D exploded CAD drawing of the casing for the device’s printed circuit board: 1)

Hex M1x0.7mm Nuts; 2) M1 screws 0.4x3mm; 3) Lower case; 4) Printed circuit board; 5) JST Connector that links the

device to the SynAmps2; 6) Upper case; 7) A301 Flexiforce sensor + 3M Bumpon. B) Sensorised finger as worn by a

user.

https://doi.org/10.1371/journal.pone.0207145.g002
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Calibration

Calibration of the device was performed with a load frame (Instron 5866), by compression

testing in 4 quasi-static trials (displacement controlled with a velocity of /) between 0 and 700

mN (corresponding to a gentle tap). The output voltage of the device was acquired at 1 kHz

using a data acquisition board (National Instruments USB-6009). The linear force-voltage

transfer function of eq.4 was then estimated using only the data from the loading part of the

four trials, because tactile stimulation is performed by pressing the device on the skin starting

from an unload condition.

Clinical validation

Experiments were performed to test whether the device could be used to synchronise and mea-

sure the tapping of the skin with concurrent EEG recording allowing the analysis of evoked

somatosensory responses. We first assessed whether we could reproduce existing results in the

literature for tactile stimulation of the hand and foot, and then whether we could record

responses to facial stimulation in pre-term infants.

Subjects. Seven infants were recruited for this study from the postnatal and neonatal

wards at the Elizabeth Garrett Anderson wing of University College London Hospitals (four

female) (S1–S7 Results). Each infant was born pre-term (mean gestational age at birth 34+6

weeks+days (range 31+0–36+3). Pre-term birth is defined as<37+0 weeks gestational age

[20]. Each infant had a 5-minute APGAR score (index of clinical condition at birth) of�8/10.

The mean corrected gestational age at study was 35+6 weeks+days (range 33+6–37+1), with

mean postnatal age of 7 days (range 1–29). No neonates had congenital abnormalities, were

acutely unwell, or receiving neuroactive medication at the time of study. Infants were neuro-

logically normal both at the time of study and at the date of discharge based on review of medi-

cal notes and the discharge summary. Cranial ultrasound scans were reported as normal when

subjects were referred for one (n = 6). All EEGs were assessed as normal for corrected gesta-

tional age by clinical scientist KW according to [21].

Ethical approval was obtained from the NHS Research Ethics Committee, and informed

written parental consent was obtained prior to each study. Separate informed written parental

consent was obtained to publish video recordings of two infants. The study conformed to the

standards set by the Declaration of Helsinki guidelines.

EEG recording. Recording electrodes (disposable Ag/AgCl cup electrodes) were posi-

tioned according to the modified international 10/10 electrode placement system at F7, F8, F3,

F4, Cz, CPz, C3, C4, CP3, CP4, T7, T8, P7, P8, TP9, TP10, O1 and O2 [22]. In a single infant

the four posterior-temporal electrodes were omitted and estimated with spherical interpola-

tion as implemented in EEGLAB. The reference electrode was placed at Fz [17,23–25] and the

ground electrode was placed at FC1/2. Target impedance was <10 kO [26]. EEG was recorded

with a direct current (DC)-coupled amplifier from DC-800Hz. Signals were digitized with a

sampling rate of 2 kHz and a resolution of 24 bit.

Tactile stimulation. Gentle taps were delivered by clinical scientist KW to the lower

cheek in all 7 infants, the palmar eminence of the hand in 6/7 infants, and the heel of the foot

in 3/7 infants while they slept. Where possible both sides of the body were stimulated, although

access to stimulation sites was limited by time constraints and infant positioning (handling

was kept to a minimum) resulting in 13 datasets for cheek stimulation, 8 datasets for hand

stimulation and 4 datasets for foot stimulation. We stimulated the cheeks rather than the lips

because the lips are extremely sensitive in pre-term infants, with a small surface area, and their

stimulation often evokes motor activity (e.g. reflex sucking/rooting) which can result in EEG

artefact [5].
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Taps were delivered while wearing the sensorised finger covered with a standard hospi-

tal-issue nitrile glove for infection control purposes (S1 Movie). The inter-stimulus inter-

val was large, variable, and self-paced by the experimenter (5–15 s), as shorter intervals

can attenuate somatosensory evoked potentials [27–29]. If the infant moved, the tap was

delayed for several seconds to avoid potential modulation of the somatosensory response

by motion [30] and to allow movement artefacts to resolve. The sequence in which the

body areas were stimulated varied across subjects. We acquired a total of 25 stimulation

trains of 8–45 stimuli each with a mean force of 192 mN (standard deviation 133 mN) (S2

Methods).

Analysis of somatosensory response. The occurrence of a tap was marked by threshold-

ing the voltage generated by the force transducer (S1 Movie). Further data analysis was carried

out using EEGLAB v.13 (Swartz Center for Computational Neuroscience) and custom-written

MATLAB code. Line noise was removed with a 50 Hz notch filter (4th order Butterworth fil-

ter) and data were bandpass filtered at 1.5–40 Hz (2nd order Butterworth filter). Three datasets

were de-noised using independent component analysis (an independent component repre-

senting ECG breakthrough was removed) [31]. Data were then epoched from -200 ms until

+700 ms around the stimulus.

All EEG epochs were averaged across repetitions (i.e. each subject was characterised by

a single average response per body area stimulated). Traces were aligned to the most

prominent negative component to correct for intra-subject and inter-subject latency jitter

with Woody filtering [32], alignment window: 130–180 ms (maximum allowed jitter -40

to +40 ms) (S2 Fig). Negative and positive components are denoted as N and P respec-

tively. The presence of a somatosensory evoked potential in the grand average across sub-

jects for each body area was determined as a significant deflection from baseline lasting

>10 ms recorded at one or more of the contralateral mid-temporal, contralateral central,

and midline central channels. Significant (p < .05) deflections were identified with a

point-by-point t-test in which the mean at each time-point after stimulation (variance cal-

culated for each channel and time point across repetitions) was compared against the

mean of the baseline (variance calculated for each channel across time points and repeti-

tions). To provide a visual representation of the topographical distribution of the somato-

sensory evoked potentials, we generated average traces and scalp maps for each body area

(face, hand and foot).

Results

Calibration

The output voltage spanned the whole dynamic range (i.e. 0 to +5V) for forces between 0 and

700 mN saturating at approximately 650 mN (Fig 3).

The loading part of the four compression trials was then used to estimate the force-voltage

input-output transfer function of the device (Fig 4). This was a clear linear relationship (r2 =

0.94; p = 0.02) with equation:

VOUT ¼ m � F þ q;
m ¼ 6:957 V=mN

q ¼ 0:278 V
ðEq 5Þ

(

Forces below 100 mN were not considered, as this was the discrimination threshold of the

sensor according to the A301 typical performance curve [19]. The precision of the device

decreases with increasing loads (mean standard deviation of 11 mN for loads less than 450 mN
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Fig 3. Sensor calibration. Upper panel: Compression test forces between 0–700 mN repeatedly applied in four quasi-static trials. Lower panel: Corresponding output

voltage spanning the full dynamic range (0 to +5 V) and saturating for forces above approximately 650 mN. Green shading indicates the loading part of the four trials,

from which the linear force-voltage transfer function of eq.4 was estimated.

https://doi.org/10.1371/journal.pone.0207145.g003

Fig 4. Force-voltage input-output transfer function. Voltage outputs at compression forces between 100 and 650 mN from the loading phases of four quasi-static

repeated trials (coloured lines) and linear fit to the data (black line) representing the calibration curve of the device.

https://doi.org/10.1371/journal.pone.0207145.g004
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and 36 mN for higher loads). Since the mean force applied in our clinical validation was 192

mN, experimental measurements are in the precise range.

Clinical validation

Tactile stimulation using the wearable sensor was well tolerated by every infant. All seven

infants slept through the whole protocol, and no reflexes were elicited (S1 Movie). Each parent

was shown the device and found it acceptable, and the protocol did not interfere with nursing

care. The mean force applied was lower than that obtained with an existing mechanical stimu-

lator (modified tendon hammer) (192 vs. 267 mN) [33], confirming that allowing the experi-

menter to use her/his own hand to stimulate the skin allows delivery of more gentle pressure.

Recording of the applied force. The sensorised finger could record the force applied with

each tap (Fig 5). The glove worn by the experimenter pressing on the sensor causes a variable

baseline offset, however the force applied with each tap can be calculated as the absolute value

of the peak force minus the offset. This is estimated as the average value of the force in the 0.5 s

before the occurrence of that event.

Using the force recording we could mark the occurrence of each tap in all infants on the

concurrent EEG (S1 Movie). We were then able to epoch the EEG according to the event tim-

ing, and average responses within subjects and across subjects.

Simultaneous Force-EEG recording allows to analyse cortical responses synchronised to

tapping of the hand and foot. Tapping the hand evoked a typical sequence of somatosensory

evoked potentials: P1, N2, P2 and N3 (Fig 6). (N2 is labelled as such to distinguish it from a

preceding N1 potential which can occasionally be appreciated but is typically ill-defined

[12,34]). The latencies of the peaks were at approximately P90-N165-P255-N440 (significantly

different from baseline -5-108 ms, 127–178 ms, 249–315 ms, and 433–454 ms). Tapping the

foot also evoked the N2 potential (significantly different from baseline 164–201 ms) (Fig 6).

The P1 and N2 potentials were maximal overlying the contralateral central region for the hand

and midline central region for the foot, while the P2 potential evoked by hand stimulation was

distributed at the midline central region, in line with previous reports [11,12,16,23,27,29,34–

39]. The N3 potential evoked by hand stimulation was diffuse but maintained a contralateral

emphasis.

Touching the face evokes a clear somatosensory response in the brain. Tapping the face

evoked a clear somatosensory response in every infant (S2 Fig) comprising a similar sequence

of somatosensory evoked potentials to hand stimulation except for the N3, which peaked

Fig 5. Example of force recording. Force recording from a train of 25 tactile stimuli delivered to the face. The tap occurrence is clear and can be easily detected. In this

example, the baseline force has an offset of approximately 80 mN due to the glove worn by the experimenter pressing on the sensor.

https://doi.org/10.1371/journal.pone.0207145.g005
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slightly earlier at approximately N350 (significantly different from baseline 14–121 ms, 128–

185 ms, 232–293 ms, and 304–396) (Fig 7). The P1 and N2 potentials were maximal overlying

the contralateral temporal and contralateral central regions respectively, while the P2 potential

Fig 6. EEG response following tactile stimulation of hand and foot. Grand average of the EEG responses following tactile stimulation of A) hand, and B)

foot recorded at the contralateral mid-temporal (yellow), contralateral central (red), and midline central (blue) channels. Grey shading represents significant

deflections (p< .05) from baseline recorded at one or more of these sites. The time of the stimulus (0 ms) is marked by a dashed vertical line. Average scalp

maps for the peak latencies of Negative (N) and Positive (P) peaks are also shown (symmetrically scaled).

https://doi.org/10.1371/journal.pone.0207145.g006
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was distributed at the midline central region as for hand stimulation. The topography of the

N3 potential was diffuse.

Discussion

Facial somatosensation is important for breast-feeding, but its development over the equiva-

lent of human gestation is unknown. The importance of facial somatosensation in early life is

indicated by its earlier development compared to caudal parts of the body in mammalian neo-

nates which breastfeed [40–42]. Consistent with this, hand-to-mouth and facial movements

are evident on ultrasound from just nine weeks of human gestation and are more prominent

in pre-term infants than at full-term [43,44] (S2 Movie). These movements and their associ-

ated proprioceptive and tactile feedback may provide the necessary signalling for development

of facial body maps in the cortex [45]. In order to investigate the maturation of facial somato-

sensory functions, we have developed an interface consisting of a novel wearable device that

measures intensity and timing of gentle finger taps to skin in concurrence with EEG.

Our tests first demonstrated that the sensor is comfortable and intuitive to use. The force

measurement and synchronisation with EEG was reliable and sensitive and allowed us to dem-

onstrate the existence of a clear somatosensory response to tactile stimulation of the face in a

group of late pre-term and early-term infants. This response comprised a typical sequence of

somatosensory evoked potentials including the P1, N2, P2 and N3. Similar potentials have

been evoked using electrical [11,12,23,34,46,47] or mechanical [16,36,48] stimulation of the

limbs as also confirmed in this study.

Fig 7. EEG response following tactile stimulation of the face. Grand average response recorded at the contralateral mid-temporal (yellow), contralateral

central (red), and midline central (blue) channels. Grey shading represents significant deflections (p< .05) from baseline recorded at one or more of these

sites. The time of the stimulus (0 ms) is marked by a dashed vertical line. Average scalp maps for the peak latencies of Negative (N) and Positive (P) peaks are

also shown (symmetrically scaled).

https://doi.org/10.1371/journal.pone.0207145.g007
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Short-latency potentials (�100 ms post-stimulus) including the P1 can be recorded from 29

weeks CGA [11,12,23,46] with contralateral central distribution following hand stimulation

and midline central distribution following foot stimulation. They are thought to be generated

from the limb’s corresponding somatotopic representation in primary somatosensory cortex,

potentially Brodmann area 3b [49]. Consequently short-latency potentials represent the arrival

of the peripheral afferent input and are therefore associated with intact somatosensory path-

ways and favourable neurodevelopmental outcome [38,50,51]. Here we show that the P1

evoked by mechanical stimulation of the face is more lateral than that evoked by hand stimula-

tion, in line with the location of their respective cortical representations [52]. Identifying a

topographical profile specific to facial stimulation is an important first step in studying

somatosensory functioning which may underpin breastfeeding behaviours. Mechanical stimu-

lation may be slightly less suited to capturing the earliest evoked and very low amplitude N1

potential (40 ms post-stimulus) owing to its relatively weak intensity and indistinct onset com-

pared to electrical stimulation [36,48]. However, recent studies have shown that assessment of

somatosensory evoked potentials which succeed the N1 can also evaluate somatosensory path-

ways and predict neurodevelopmental outcome in pre-term infants [29].

The N2 can be recorded from 31 weeks CGA and is the most prominent somatosensory

evoked potential in pre-term infants, with contralateral central topography following hand

stimulation and midline central topography following foot stimulation [33,53]. It is thought to

be generated in the contralateral post-central gyrus until 38 weeks CGA, when involvement of

the ipsilateral hemisphere emerges [33,54]. Here we support these findings and demonstrate

that the N2 potential can also be consistently evoked by face stimulation from 33 weeks CGA

with contralateral central distribution.

The P2 potential can be recorded from 35–38 weeks CGA with a symmetrical central mid-

line distribution to stimulation of either hand or foot [11,16,33], and is likely generated by pos-

terior parietal and secondary somatosensory cortex [29,33]. Here we show that this P2

potential can be evoked by facial stimulation in a cohort of just 35 weeks CGA (mean). The N3

potential is scarcely reported in the literature, although we have recently demonstrated that

this potential emerges between 35–38 weeks CGA together with the P2 [33]. In this study we

demonstrate that the topography of the N3 is diffuse in pre-term infants following either face

or hand stimulation, and is not yet topographically organised at the central midline as in full-

term infants [33].

Our sensor has the major advantage that it can be used to investigate facial somatosensory

processing, indexed by somatosensory evoked potentials, while accurately controlling the site

of stimulation and minimising the force exerted. In addition, the ability to wear the sensor on

the finger allows us to measure somatosensory responses to naturalistic stimulation, such as a

caregiver would provide. This is particularly important in light of recent evidence that positive

tactile experience may benefit somatosensory development [55]. As with any human-delivered

tactile stimulation, the specific force exerted varied across taps, which could be a potential limi-

tation. However, the acceptability of this method with regard to infant comfort and parental

expectations paves the way to track the development of facial somatosensory functioning

across the equivalent of the third trimester of human gestation.
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S1 Methods. Description of the first prototype of the touch sensor.

(DOCX)

S2 Methods. Values of the force applied for each stimulation in all subject.

(XLS)
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S1 Fig. EEG response following tactile stimulation of the hand in a single infant. Grand

average of the EEG responses recorded at the contralateral central channel. The time of the

stimulus (0 ms) is marked by a dashed vertical line. Negative and positive deflections are

denoted as N and P potentials respectively.

(TIF)

S2 Fig. Individual EEG responses following tactile stimulation of the face. Individual (thin

lines) and grand average (think line) responses recorded at the contralateral central channel

for each of 13 stimulation trains from 7 infants, aligned according to N2 (yellow shading). The

time of the stimulus (0 ms) is marked by a dashed vertical line.

(TIF)

S1 Movie. Example of face stimulation which evokes a clear EEG response in an infant

with corrected gestational age 37+1 weeks+days. EEG display-filtered: 0.2-20Hz. Sensitivity

25μV/mm.

(MP4)

S2 Movie. Example of repetitive facial movements in an infant with corrected gestational

age 30+6 weeks+days. Video plays at 1.00 followed by 0.23 real-time speed, for visualisation

purposes.

(MP4)

S1 Results. Dataset for subject104.

(ZIP)

S2 Results. Dataset for subject105.

(ZIP)

S3 Results. Dataset for subject106.

(ZIP)

S4 Results. Dataset for subject109.

(ZIP)

S5 Results. Dataset for subject110.

(ZIP)

S6 Results. Dataset for subject111.

(ZIP)

S7 Results. Dataset for subject112.

(ZIP)
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Abstract
Study Objectives: Cortical activity patterns develop rapidly over the equivalent of the last trimester of gestation, in parallel 
with the establishment of sleep architecture. However, the emergence of mature cortical activity in wakefulness compared 
with sleep states in healthy preterm infants is poorly understood.

Methods: To investigate whether the cortical activity has a different developmental profile in each sleep–wake state, we recorded 
11-channels electroencephalography (EEG), electrooculography (EOG), and respiratory movement for 1 hr from 115 infants 34 
to 43 weeks–corrected age, with 0.5–17 days of postnatal age. We characterized the trajectory of δ, θ, and α-β oscillations in 
wakefulness, rapid eye movement (REM) sleep, and non-REM sleep by calculating the power spectrum of the EEG, averaged 
across artifact-free epochs.

Results: δ-Oscillations in wakefulness and REM sleep decrease with corrected age, particularly in the temporal region, but 
not in non-REM sleep. θ-Oscillations increase with corrected age in sleep, especially non-REM sleep, but not in wakefulness. 
On the other hand, α-β oscillations decrease predominantly with postnatal age, independently of sleep–wake state, 
particularly in the occipital region.

Conclusions: The developmental trajectory of δ and θ rhythms is state-dependent and results in changed cortical activity 
patterns between states with corrected age, which suggests that these frequency bands may have particular functional 
roles in each state. Interestingly, postnatal age is associated with a decrease in α-β oscillations overlying primary visual 
cortex in every sleep–wake state, suggesting that postnatal experience (including the first visual input through open eyes 
during periods of wakefulness) is associated with resting-state visual cortical activity changes.

Key words: quiet sleep; active sleep; neonatal; REM sleep; non-REM sleep; θ; δ; β; visual; postnatal age

Statement of Significance
This study is the first to separately define the developmental trajectory of neural oscillations during wakefulness and 
sleep, using a cohort of 115 healthy infants. Our large sample allows us to compare the development of brain rhythms in 
wakefulness—which is scarce and therefore difficult to record in the newborn period—to rapid eye movement (REM) and 
non-REM sleep. We show that changes in the δ and θ band are state-dependent. Meanwhile, the decrease in α-β rhythms 
overlying visual cortex with postnatal age is independent of state. Our results help us to build a model of the interaction 
between intrinsic brain maturation and environmental factors across the sleep–wake cycle. Future work could use learn-
ing paradigms to further investigate the way that cortical oscillations may be modulated by experience.
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Introduction
Cortical activity patterns develop rapidly over the equivalent of 
the last trimester of gestation [1, 2]. Neural oscillations can be 
used as an index of cortical network maturation as they reflect 
the assembly of mature functional networks and predict struc-
tural brain growth [3, 4]. They thereby offer a clinically valuable 
window onto brain development [2]. There are 3 frequency bands 
which have been consistently used as markers of neonatal cor-
tical maturation: δ, α-β, and θ oscillations. δ-Oscillations are cus-
tomarily considered as an index of immature brain activity [5–7]. 
α-β rhythms are also associated with immature cortical activity 
patterns [2, 8, 9]. On the other hand, θ oscillations are a marker 
of mature brain activity [5, 8, 10–12].

Periods of wakefulness, rapid eye movement (REM) sleep, and 
non-REM sleep are first associated with characteristic neural 
activity patterns from 31 to 34 weeks–corrected age (CA) as 
sleep–wake architecture emerges [13, 14], although wakefulness 
is still extremely scarce, occupying as little as 2 per cent of pre-
term life [15]. In preterm infants, non-REM sleep is always asso-
ciated with an alternating electroencephalography (EEG) pattern 
(tracé alternant), but from 37 weeks–CA, an additional slow-wave 
EEG pattern begins to emerge [16, 17]. Finally, by 40 weeks–CA, 
cyclical periods of wakefulness are well-organized around feeds 
on demand and electrographic correlates of sleep–wake state are 
clearly defined [1, 18].

Although the emergence of organized periods of wakeful-
ness is a landmark developmental milestone, it is unknown 
whether the emergence of mature cortical rhythms in the neo-
natal period differs in wakefulness compared with sleep states, 
because wakefulness has been little studied [12, 19–22]. In 
adults, wakefulness and sleep states are each associated with 
different cortical patterns [23–26]. For example, wakefulness is 
characterized by α activity which is thought to be associated 
with cognitive capacity [27], whereas non-REM sleep is associ-
ated with spindle activity which plays a role in memory consoli-
dation [28]. These segregated cortical functions are likely to play 
a complementary role, for example information experienced 
during wakefulness is efficiently consolidated as memory when 
the brain is “off-line,” i.e. sleeping [29].

Little is also known about the maturation of cortical activity 
in healthy preterm infants at low risk of adverse neurodevel-
opment, because in previous studies the effect of postnatal age 
(PNA) was often associated with, and therefore confounded by, 
very preterm birth and long-term intensive care admission [30]. 
Therefore, within a well-defined normative neonatal cohort, it 
will be easier to distinguish the separate effects of (1) CA and 
(2) PNA.

To investigate the normative emergence of mature oscilla-
tory activity in wakefulness and sleep states across the neonatal 
period, and which factors influence this, we recorded resting EEG 
in a cross-sectional cohort of 115 healthy infants aged 34 to 43 
weeks–CA with a PNA between 0.5 and 17 days and characterized 
the effect of CA and PNA on δ, θ, and α-β oscillations for each 
state separately: wakefulness, REM sleep, and non-REM sleep.

Methods

Participants

One hundred fifteen infants were recruited from the postnatal 
ward and special care ward at the Elizabeth Garrett Anderson 

wing of University College London Hospitals between July 2015 
and July 2016 (Table 1) for research EEG examination. No infants 
required EEG for clinical purposes. No neonates were acutely 
unwell, receiving neuroactive medication (including caffeine), 
or respiratory support at the time of study. All neonates were 
neurologically normal both at the time of study and at the date 
of discharge, and were considered at low risk of adverse neu-
rodevelopment, based on the review of medical notes and the 
discharge summary. Cranial ultrasound scans were reported 
as normal when participants were referred for one (n  =  40). 
All EEGs were assessed as normal for CA by a clinical scientist 
(K.W.) according to standard criteria, and presence of appropri-
ate sleep architecture including REM-onset sleep, and transition 
of the slow wave to tracé alternant EEG pattern during non-REM 
sleep [31–33].

Table 1: Demographics
Ethical approval was obtained from the NHS Research Ethics 
Committee, and informed written parental consent was 
obtained prior to each study. Separate written parental consent 
was obtained to publish the photographs. The study conformed 
to the standards set by the Declaration of Helsinki guidelines.

Recording setup

Resting EEG was recorded for approximately 1 hr, in line with 
recommended best practice [34], between 09:00 and 17:30  hr. 
Recording electrodes (disposable Ag/AgCl cup electrodes) were 
placed overlying frontal (F4, F3), central (C4, Cz, C3), mid-tempo-
ral (T8, T7), posterior-temporal (P8, P7), and occipital cortex (O2, 
O1), positioned according to the modified international 10/20 
electrode placement system. On 6/115 occasions, a reduced 
number of electrodes (up to two less) were used because the 
infant became slightly unsettled. The reference electrode was 
placed at Fz and the ground electrode was placed at FC6/5. Target 
impedance was <10 kΩ [1]. A single lead I ECG was recorded from 
both shoulders. The respiratory movement was monitored with 
an abdominal transducer and electrooculography (EOG) was 
recorded using electrodes positioned laterally to the eyes. We 
have previously shown that this polygraph setup does not cause 
stress to infants, in a comparable cohort [35]. EEG was recorded 
with a direct current (DC)-coupled amplifier from DC-800Hz 

Table 1. Demographics

n = 115 infants

Median (range) corrected age 
(weeks + days)*

38 + 6 (34 + 0 – 43 + 1)
Preterm CA: n = 38; Term CA: n = 77

Median (range) postnatal age 
(days)

3 (0.5–17)

Sex 47.8% female
Birth weight (grams) (range) 2880 (1550–4320)
Multiple births 14.8%
Ward location 73.9% postnatal; 26.1% special care†

*CA is defined as gestational age at birth plus postnatal age. For example, an 

infant born at 35 weeks + 2 days, who is 3 days old, is corrected age 35 weeks + 

5 days. Term is defined as ≥37 weeks CA [33].
†Infants on the postnatal ward are cared for by their parents; infants on the 

special care ward require low-intensity nursing care.
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using the Neuroscan (Scan 4.3) SynAmps2 EEG/EP recording sys-
tem. Signals were digitized with a sampling rate of 2 kHz and a 
resolution of 24 bit.

EEG preprocessing

Data analysis was carried out using EEGLAB v.13 (Swartz Center 
for Computational Neuroscience), custom-written Matlab code, 
and IBM SPSS version 22. Mains interference was removed 
with a 50 Hz notch filter (4th order Butterworth filter) and, for 
each epoch, a baseline correction was used to remove DC off-
set. Recordings from electrodes which had poor contact with 
the scalp were rejected. Missing and discarded recordings were 
then estimated with spherical interpolation as implemented 
in EEGLAB. Recordings were reviewed and periods classified 
into wakefulness, REM sleep, and non-REM sleep (subclas-
sified as tracé alternant or slow-wave EEG pattern) [31, 32] 
(Supplementary Table  S1 for a summary of criteria used and 
Supplementary Figure S1 for illustrative examples). Sections of 
indeterminate sleep were discarded from further analysis. As 
not all infants cycled through all the sleep–wake states during 
the recording period, wakefulness, REM sleep, non-REM sleep: 
tracé alternant pattern, and non-REM sleep: slow wave pattern 
were obtained in 38/115, 108/115, 79/115, and 37/115 test occa-
sions, respectively. We assessed whether the incidence of sleep–
wake states captured varied according to the CA or PNA of the 
infants with a binary logistic regression using the Enter Method. 
In line with previous reports that tracé alternant is gradually 
replaced by the slow-wave pattern, the likelihood of the slow-
wave pattern of non-REM sleep being captured doubled with 
every week of CA, whereas the likelihood of the tracé alternant 
pattern of non-REM sleep being captured slightly diminished (p 
≤ .005; Exp(B) slow-wave = 2.06, Exp(B) tracé alternant = .78) [36, 
37]. On the other hand, the likelihood of wakefulness being cap-
tured slightly increased with PNA (p  =  .014; Exp(B) = 1.26). We 
analyzed the tracé alternant pattern of non-REM sleep, along-
side REM sleep and wakefulness, because it was present in more 
infants in line with other studies [5], and the developmental tra-
jectory of the two EEG patterns of non-REM sleep was compar-
able (Supplementary Results).

EEG analysis

Twelve second artifact-free epochs, during which the infants 
were not undergoing any stimulation, were extracted from each 
of the sleep–wake state sections. This is an appropriate epoch 
length because it contains over two cycles of our lowest fre-
quency of interest (0.2 Hz) [38]. The median number (interquar-
tile range) of epochs included for each infant was as follows: 
wakefulness  =  7 (2–14), REM sleep  =  17 (7–32), and non-REM 
sleep = 16 (9–33). The power spectrum (µV2) was calculated for 
each channel and epoch, using a Hanning window to reduce 
spectral leakage. This was then averaged across all of the epochs 
within a sleep–wake state per infant, leading to a single power 
spectrum per sleep–wake state per participant.

The power in slow δ (0.2–2 Hz), θ (4–6Hz), and α-β (8–20 Hz) 
frequency bands was then extracted for the channels overly-
ing midline central, right and left frontal, central, mid-tempo-
ral, posterior-temporal, and occipital cortex (Supplementary 
Figure S2) (right and left channels for lateral sites averaged, after 
checking that there was no statistically significant difference in 

the power between hemispheres). We evaluated the influence of 
CA and PNA on the power of each frequency band with multi-
variable linear regression modeling using the Stepwise Method. 
Our model used the power of each frequency band, for every 
region in every state, as the dependent variable with two pos-
sible explanatory variables: CA and PNA. We report β weights 
(standardized regression coefficients) for each model so that, in 
the case of a model in which the power of a frequency band 
is related to both CA and PNA, the two independent variables 
can be directly compared to determine the predominant fac-
tor (β weights indicate by how many standard deviation units 
the dependent variable will change for one standard deviation 
change in the independent variable).

Throughout data are plotted for the posterior-temporal and 
occipital regions because our key findings relate to these areas, 
whereas the results for all regions are reported in the text. When 
both PNA and CA were associated with the power of a frequency 
band, we provide a visual representation of the interaction 
between these influences by plotting the power of the frequency 
band against CA for lower PNA (0.5–2 days; median: 2 days) and 
higher PNA (3–17 days; median: 5 days) subgroups.

We next investigated whether there was a redistribution of 
the frequency content between sleep–wake states with CA. We 
assessed this by analyzing power in each frequency band at 
every region and testing for an interaction between sleep–wake 
state and CA group (preterm vs. term) using a two-way analysis 
of variance (ANOVA). We confirmed our findings by performing 
the same tests in a subgroup of 21 infants (preterm n = 9; term 
n = 12) who had cycled through all three sleep–wake states dur-
ing the recording, using a repeated measures ANOVA so that 
states could be compared within-participant. The Huynh–Feldt 
correction method was used if the assumption of sphericity was 
not met by the data.

To control for the risk of a type I error due to multiple com-
parisons, statistical significance threshold was set to 0.01 for 
all tests.

Results

Results: δ power decreased with CA in wakefulness 
and REM sleep

δ-Power decreased with CA in wakefulness and REM sleep, but 
not in non-REM sleep (Figure 1). In wakefulness, this decrease 
was specific to the temporal region (posterior-temporal: 
R2 =  .361, β  = −.601; mid-temporal: R2 =  .216, β  = −.465; model 
fits p ≤ .003). In REM sleep, this decrease was again more pro-
nounced over the posterior-temporal area, but also widespread 
(posterior-temporal: R2 = .610, β = −.787; all other areas except 
frontal and midline central: R2  =  .174–.401, β  = −.418 to −.633; 
model fits p < .001).

The developmental profile of δ power was largely independ-
ent of PNA, which only contributed slightly to the decrease in 
δ power over the posterior-temporal area in REM sleep (intro-
duction of PNA significantly improves the R2 of CA-only model 
[p  =  .007] although PNA β was just −.171, two-factor model fit 
p <.001, and no collinearity between CA and PNA: r  =  −.139; 
p = .075).

In non-REM sleep, there was a slight increase in δ power 
with CA, specific to the midline central region (R2 = .084, β = .290, 
model fit p = .009).
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Results: θ power increased with CA in sleep

θ-Power was associated with an opposite developmental pro-
file compared with δ power, increasing with CA only in sleep 
and especially non-REM sleep for every region (non-REM sleep: 
R2 = .218–.478, β = .467–.691, model fits p <.001 for every region; 
REM sleep: R2 = .062–.107, β = .221–.312, model fits p ≤ .009 for every 
region except frontal) while unassociated with PNA (Figure 2).

Results: Occipital α-β power decreased with PNA in 
every state

α-β Power resembled δ power by decreasing with CA in REM 
sleep, but decreased most steeply with PNA for every region 
except mid- and posterior-temporal (R2 with both factors: .162 
and .334, PNA β = −.311 to -.453, CA β = −.195 to −.519, model fits 
p < .001) (Figures 3 and 4). Figure 4 illustrates the additive effect 
of PNA and CA on occipital α-β activity in REM sleep: power 
decreased with higher CA but lower power values were reached 
at an earlier CA for infants with a higher PNA.

The decrease in occipital α-β power with PNA was also pre-
sent in wakefulness and non-REM sleep, the only developmental 
finding seen in every sleep–wake state (R2 ≥ .106, PNA β = −.326 to 
−.453, model fits p ≤ .009).

Results: δ and θ power was redistributed between 
sleep–wake states with CA 

After showing that there were state-specific changes in δ and 
θ power with CA, we investigated whether this resulted in a 

redistribution of power between sleep–wake states with CA 
(Figure  5). δ and θ Power was redistributed between states 
from preterm to term age for mid- and posterior-temporal and 
occipital regions (state*age group interaction, p < .001), which 
was more widespread for θ power (frontal and central regions, 
p < .001) (Figure 5). This redistribution of power with CA could 
also be appreciated in a subgroup of 21 infants who had cycled 
through all three states during the recording (i.e. using a within-
participant comparison of states) (state*age group interaction 
mid-temporal region: δ p =  .006, θ trend p =  .015). In line with 
the minimal effect of CA on α-β power, there was no redistribu-
tion of power between states with CA in that frequency band. 
All results are summarized in graphical form in Supplementary 
Figure S3.

Discussion
Our results show that the developmental trajectories of δ and 
θ activity are state-dependent: δ activity declines in wakeful-
ness and REM sleep, and θ activity increases in non-REM sleep. 
Meanwhile, the decrease in α-β oscillations overlying visual cor-
tex is mostly associated with PNA in every sleep–wake state.

State-dependent developmental trajectory of δ 
oscillations

Our data confirm previous findings that δ activity decreases 
with CA [5–7] and show that this is specific to wakefulness and 
REM sleep, whereas delta activity in non-REM sleep persists at 

Figure 1. δ-Power decreases with increasing corrected age in wakefulness and REM sleep, but not in non-REM sleep. Scatter plot of δ power over the posterior-temporal 

and occipital regions against corrected age for each participant, and line of best fit. β-Values for the linear regression are reported only when significant (p < .01).
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a similar level, or slightly increases. δ-Activity is proposed to 
mediate memory formation and synaptic pruning during non-
REM sleep [29, 39], offering a possible explanation of why δ 
rhythms in non-REM sleep are maintained across development: 
the capacity to form memories is essential throughout life from 
the newborn period onwards [40].

We demonstrate that this decrease in δ activity is most pro-
nounced in the posterior-temporal region, indicating that this 
area may be relatively immature and then undergo particularly 
dramatic preprogrammed maturation towards the equivalent of 
the last trimester of gestation. Experiments using simultaneous 
EEG and functional magnetic resonance imaging (fMRI) show that 
posterior-temporal δ rhythms in preterm infants are associated 
with insula (i.e. association cortex) activity, and these δ oscilla-
tions decrease as the insula enters a phase of accelerated mat-
uration [41]. Therefore, decreasing posterior-temporal δ rhythms 
could indicate maturation of association cortex towards the end of 
the equivalent of gestation. This is in line with evidence that sen-
sory networks are relatively mature by late preterm age, whereas 
association cortices are still developing [42, 43]. Our data suggest 
that declining δ activity with CA in REM sleep is a normative fea-
ture because, in a neonatal cohort at high risk of adverse neurode-
velopment, δ activity increased with age in REM sleep [44].

Previous reports have noted that the “delta brush” pattern (δ + 
over-riding α-β rhythms) declines more prominently in wakeful-
ness and REM sleep than non-REM sleep towards the equivalent 
of the end of the gestation [2]. Our data suggest that this decrease 
in δ brushes during wakefulness may be largely under-pinned 
by declining δ rhythms, as only δ rhythms, but not α-β rhythms, 
decline with CA in wakefulness. A  maturational decrease in δ 

activity during wakefulness may be related to early exploratory 
behavior, as animal models have associated δ rhythms during 
wakefulness with impaired motor functioning [45].

State-dependent developmental trajectory of θ 
oscillations

Our data confirm previous studies that θ activity increases with CA 
[5, 8, 10–12], and show that this is specific to sleep, especially non-
REM sleep, and not present for wakefulness. As θ activity facili-
tates synaptic plasticity, with long-term potentiation organized 
around the phase of the θ wave [46], its increasing power could 
reflect expanding sleep-specific brain functions. In adults, θ activ-
ity is prominent in REM sleep but extremely scarce in non-REM 
sleep [24, 47, 48]. This pattern is reversed in our neonatal cohort, 
emphasizing the need for models which interpret the functional 
role of neural oscillations within a developmental framework.

Overall, non-REM sleep shows a unique developmental pro-
file compared with the other sleep–wake states with increasing 
θ activity and maintained δ activity (Figure 5). This age-related 
divergence of cortical activity patterns between non-REM sleep 
on the one hand, and wakefulness and REM sleep on the other, 
could reflect the emergence of specific cortical functioning in 
non-REM sleep.

State-independent developmental trajectory of α-β 
oscillations overlying visual cortex

One of the novel findings of the present study is that PNA, 
more than CA, is specifically associated with a decrease in α-β 

Figure 2. θ-Power increases with corrected age in non-REM and REM sleep, but not in wakefulness. Scatter plot of θ power over the posterior-temporal and occipital 

regions against corrected age for each participant, and line of best fit. β-Values for the linear regression are reported only when significant (p < .01).
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Figure 3. α-β Power decreases with increasing postnatal age in every sleep–wake state, but only with increasing corrected age in REM sleep. Scatter plot of α-β power 

over the posterior-temporal and occipital regions against corrected age (upper panel) and postnatal age (lower panel) for each participant, and line of best fit. β-Values 

for the linear regression are reported only when significant (p < .01). One outlier dataset not shown in the wakefulness posterior-temporal scatterplots: corrected 

age = 41 weeks, 103 µV [2].
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oscillations in healthy infants. Supportive that α-β oscillations 
are sensitive to PNA, a previous study of very preterm infants 
found that only oscillations in the α-β range were significantly 
reduced in every sleep–wake state in those infants of greater 
PNA [49]. Spontaneous electrical activity in the α-β range is con-
sidered a marker of cortical immaturity because animal models 
have shown that it has a permissive, and perhaps instruct-
ive, role in neural circuit development, and it is prominent in 
early human life [2, 8, 9, 50]. Our data suggest that extra-uterine 

experience (PNA) is particularly associated with the decrease of 
this immature brain rhythm.

In particular, we show that visual cortex is the only region 
in which this decrease is present for wakefulness, REM, and 
non-REM sleep. This regional specificity suggests that postna-
tal experience may be especially associated with resting-state 
visual network activity changes, in line with evidence that 
postnatal experience predicts the development of cortical bin-
ocularity and gaze following [51, 52]. One explanation for this 
is that visual input through open eyes only occurs postnatally 
such that birth marks a profound expansion in visual experi-
ence: the eyes remain shut until birth, whereas, after preterm 
or full-term birth, 2–4 per cent of neonatal life is spent with 
eyes open (in wakefulness) [15, 18, 53]. In fact, we show that 
the incidence of wakefulness increases with PNA. Visual scan-
ning during eyes-open wakefulness can evoke “lambda” waves 
overlying visual cortex in newborn infants, demonstrating that 
the extra-uterine eyes-open state influences visual cortical 
functioning [1, 54]. The association of visual experience with 
α-β activity would be in line with a mouse model in which α-β 
oscillations are prominent on the first day after eye opening 
but poorly defined after this [55].

This study has some limitations. In particular, we did not 
capture every sleep–wake state in every infant, resulting in 
uneven sample sizes for each state. This could have reduced our 
power to detect subtle differences in the developmental trajec-
tories of cortical activity during these states. Although we have 
a relatively limited range of PNA, it would not have been pos-
sible to extend our PNA range without including some infants at 
high risk of adverse neurodevelopment, as such infants tend to 
be hospitalized for longer, and this would have undermined our 
aim to study normative development.

Summary

In summary, our data from 115 healthy preterm and full-term 
infants provide a model of the emergence of differentially state-
specific neural activity patterns in newborn infants. Crucially, 

Figure 5. δ- and θ-Power is redistributed between sleep–wake states with corrected age. Mean δ power (left panel) and θ power (right panel) across sleep–wake states 

in corrected preterm and term infants. Error bars = 95% confidence intervals; Wake = wakefulness; REM = REM sleep; nREM = non-REM sleep.

Figure  4. Occipital α-β power in REM sleep decreases with corrected age but 

infants with a higher PNA reach lower power values at an earlier corrected age. 

Scatter plot of α-β power over the occipital region against corrected age for par-

ticipants with lower (green, n = 44, median = 2 days) and higher (blue, n = 64, 

median = 5 days) PNA, and lines of best fit for the two groups. The dashed lines 

represent an example to show that infants of higher PNA had an α-β power value 

of 13 μV2 at 34 weeks corrected age, whereas infants of lower PNA did not reach 

this value until 43 weeks corrected age.
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existing models of sleep–wake architecture—which rely on 
oscillatory markers such as sleep spindles and α rhythms which 
do not emerge until 2–3 months of age [32, 56]—are not applic-
able to the newborn brain. By characterizing the development of 
cortical activity in each sleep–wake state in a large normative 
neonatal cohort, we offer a window onto the developing brain 
and the neurobiology which underpins environmental influ-
ences [57].

Supplementary Material
Supplementary material is available at SLEEP online.
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A B S T R A C T

Delta and theta power across fronto-central regions is lower during phasic (saccadic eye movements) than tonic
rapid eye movement (active) sleep in full-term infants (n=15). This indicates that the behavioural-electro-
physiological pillars of rapid eye movement sleep micro-architecture are in place at birth.

1. Introduction

Rapid eye movement (REM) sleep is a unique behavioural state,
especially for its hallmark saccades. However, these movements occur
intermittently (for approximately 20% of the time), and therefore REM
sleep can be divided into two sub-states: phasic REM sleep in which
saccades occur (in phases), and tonic REM sleep in which saccades are
not present but all other features of REM sleep - such as irregular
breathing rate - are. During phasic REM sleep, sensory thresholds to the
environment are higher [1], ability to encode sensory information is
lower [2], and cortical oscillations have lower theta and alpha-beta
power, compared to tonic REM sleep [3–5].

Newborns spend up to half of the day in REM sleep (sometimes
termed active sleep in this population) and also exhibit intermittent
saccades during this state [6]. However, it is not known whether phasic
REM sleep is accompanied by modulation of cortical activity relative to
tonic REM sleep, as in adults. As brain activity is already related to the
overall sleep-wake cycle in full-term infants [7,8], we hypothesised that
it would also differ between the phasic and tonic sub-states of REM
sleep. To address this, we compared the power content of electro-
encephalography (EEG) recordings between phasic and tonic REM
sleep. To test whether differences were specific to phasic REM sleep,
rather than general to all states featuring saccades including wakeful-
ness, we also performed the same comparison between wakefulness and
tonic REM sleep.

2. Material and methods

2.1. Subjects

Fifteen full-term infants (median 41+ 1weeks+ days corrected
gestational age, range 39+ 0–42+ 6; six female) with median post-
natal age five days (range 1–11) were included. Corrected gestational
age is defined as gestational age at birth plus postnatal age. Infants were
recruited from the postnatal and special care wards at the Elizabeth
Garrett Anderson wing of University College London Hospitals. No in-
fants required EEG for clinical purposes. No neonates were acutely
unwell, receiving neuroactive medication (including caffeine), or re-
spiratory support at the time of study. All neonates were neurologically
normal both at the time of study and at the date of discharge, and were
considered at low risk of adverse neurodevelopment, based on review of
medical notes and the discharge summary. All EEGs were assessed as
normal for corrected gestational age by a clinical scientist (KW) ac-
cording to standard criteria, and presence of appropriate sleep archi-
tecture including REM-onset sleep [9–11]. Ethical approval was ob-
tained from the NHS Research Ethics Committee, and informed written
parental consent was obtained prior to each study. Additional written
parental consent was obtained to publish video data from one infant.

2.2. Recordings

Sixteen EEG electrodes were positioned bilaterally overlying frontal
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(F3, F4), central (C3, C4, CP3, CP4, CPz, Cz), temporal (T7, T8, TP9,
TP10, P7, P8) and occipital scalp areas (O1, O2). On 2/15 occasions a
reduced number of electrodes (two and four less) were used because the
infant became slightly unsettled. The reference electrode was placed at
Fz. Electrooculography (EOG) was recorded from electrodes placed
laterally to the eyes: these capture corneo-retinal dipole potentials, as
well as some EEG activity (Fig. 1a). Lead I electrocardiography (ECG)
was recorded from both shoulders. Respiratory movement was mon-
itored with a transducer at the thorax. EEG was recorded with a direct
current (DC)-coupled amplifier from DC-800 Hz using the Neuroscan
(Scan 4.3) SynAmps2 EEG/EP recording system. Signals were digitized
with a sampling rate of 2 kHz and a resolution of 24 bit. The median
EEG recording length was 49min (range 32 to 70), and recordings
commenced between 10:00 and 18:00.

2.3. Data analysis

Data analysis was carried out using EEGLAB v.14 (Swartz Center for
Computational Neuroscience), custom-written Matlab code and IBM
SPSS version 25. Mains interference was removed with a 50 Hz notch
filter (4th order Butterworth filter). Missing recordings were estimated
with spherical interpolation as implemented in EEGLAB. Periods of
REM sleep were first identified at the cot side - closed eyes with in-
termittent saccades and largely irregular breathing - and confirmed
offline by assessing the intermittent presence of saccades (EOG), largely
irregular respiratory rate and depth (transducer at thorax), and overall
relatively low amplitude continuous EEG (compared to non-REM sleep
[8] (sometimes termed quiet sleep in neonates)), according to the cri-
teria of the American Academy of Sleep Medicine [10]. Wakefulness

Fig. 1. Cortical activity during tonic and phasic REM sleep. a: Examples of tonic and phasic REM sleep epochs in the same infant. EOG=electrooculography. Each
horizontal saccade is marked by an asterisk. Only fronto-central EEG channels are displayed for clarity. b: Theta power (linear-scaled) and delta power (log-scaled)
are lower in phasic than tonic REM sleep. Each coloured line represents one infant.

K. Whitehead, et al. Early Human Development 136 (2019) 45–48

46



was defined by cot side observation of continuously wide-open eyes
[10]. Twelve-second artefact-free REM sleep and wakefulness epochs,
during which the infants were not undergoing any stimulation, were
extracted for analysis. This is an appropriate epoch length because it
contains over two cycles of our lowest frequency of interest (0.2 Hz)
[12]. Each REM sleep epoch was subcategorised: phasic epochs were
defined by the presence of at least three horizontal saccades; tonic
epochs did not contain any saccades (Fig. 1a). The median number
(range) of epochs included for each infant was: tonic REM sleep= 8
(1–28), phasic REM sleep= 2 (1–5), wakefulness= 5 (2–7). For each
epoch, DC offset was removed and the power spectrum (μV2) was cal-
culated for each channel, using a Hanning window to reduce spectral
leakage. This was then averaged across all the epochs within a state for
each infant, leading to a single power spectrum per state per subject.
We compared the power content in the delta (0.2–4 Hz), theta (4–8 Hz),
and alpha-beta (8–20 Hz) frequency bands between tonic and phasic
REM sleep. We then compared the power in the same frequency bands
between tonic REM sleep and wakefulness in a subset of 5/15 infants in
whom this latter state occurred during the recording. Statistical sig-
nificance threshold was set to 0.05 for all tests. Data were analysed with
non-parametric tests because they were not normally distributed
(Shapiro-Wilk test< .05). Wilcoxon paired tests were used to compare
EEG power content between sleep-wake states within-subject.

3. Results

Delta power was lower during phasic than tonic REM sleep for the
central regions predominantly (C4 p= .001; CP4 p= .001; C3
p= .036; CP3 p= .005; Cz p= .001; O1 p= .027 (Fig. 1b); all other
electrodes p≥ .061]. Theta power was lower during phasic than tonic
REM sleep for the fronto-central regions (F4 p= .009; F3 p= .005; C3
p= .012; Cz p= .031 (Fig. 1b); all other electrodes ≥ .078). These
regional changes were specific to these slow frequencies (no changes in
alpha-beta power (p≥ .069)).

During wakefulness - a state which also features saccades
(Supplementary Fig. 1) - delta power was higher than tonic REM sleep
across parts of the central region (C4 and Cz both p= .043), and theta
power was not significantly different (p≥ .138).

4. Discussion

We demonstrate here that resting brain rhythms during REM sleep
are organised by behavioural micro-structure at full-term birth.
Behavioural sleep cycling emerges early in gestation: periods of quies-
cence (non-REM sleep) are interspersed with active periods char-
acterised by intermittent saccades (REM sleep) from 23 to 27weeks in
foetuses [13–15] and extremely pre-term infants (Video 1) [16]. Two of
the most prominent early developmental changes in sleep-wake beha-
viour are increasing wakefulness, which by full-term age is cyclically
organised around feeds on demand [7,11], and then the emergence of
skeletal muscle atonia during REM sleep throughout the course of the
first year [10,17,18].

Sleep-wake behaviours begin to align with cortical activity patterns
in pre-term infants from 31 to 34weeks, when REM sleep and wake-
fulness can be clearly dissociated from non-REM sleep by relative
continuity of EEG activity [7,11,19,20]. Subsequently, from full-term
age REM sleep can be distinguished from wakefulness by its slightly
lower delta power [8,21,22]. Finally, at 2 months of age adult-like
state-specific electrophysiological features emerge, such as sleep spin-
dles during non-REM sleep [10]. (As the complete spectrum of beha-
vioural and electrophysiological sleep-wake indices are establishing
during infancy, non-REM and REM sleep are sometimes described as
quiet and active sleep respectively in neonates).

Here we show that at full-term birth neural activity is already or-
ganised in sub-states within REM sleep, by demonstrating that delta and
theta power is attenuated during phasic compared to tonic periods of

the sleep state. This attenuation of cortical activity cannot be an arte-
fact caused by the shift of corneo-retinal dipole potentials, as saccades
are associated with a decrease in recorded activity rather than an in-
crease; neither is it simply associated with eye movements per se: in
wakefulness – within which saccades are also present – slow cortical
rhythms over the central regions are enhanced relative to tonic REM
sleep. Similarly, pyramidal neurons decrease their firing rates during
phasic REM sleep in cats, but saccades during wakefulness are not as-
sociated with the same effect [23]. Saccades and the overall low am-
plitude of the EEG in REM sleep are mediated by distinct neuronal
populations within the reticular formation of the brainstem [24]. Al-
though discrete, these neuronal populations are functionally inter-
connected [25], perhaps explaining co-variation of eye movements and
electrographic signs.

In adult humans and animals, attenuation of neural activity during
phasic REM sleep is localised to primary sensorimotor cortex, and re-
sembles the attenuation associated with voluntary movement in wa-
kefulness [3,26,27]. In humans it has therefore been suggested to be
related to internal generation of the active dream content recalled by
adult subjects when awakened from phasic REM sleep [3,28]. The
fronto-central distribution of the attenuation observed here (i.e. over
sensorimotor cortex) could then relate to a similar phenomenon. In
early life, patterning of somatomotor cortical activity synchronises
functional ensembles, which subserves the refinement of somato-
sensation and resultant control of voluntary movement [29–32].
Therefore understanding factors which regulate this patterning – in-
cluding sleep microstructure – sheds light on this crucial aspect of brain
development [8,33–35].

This study has some limitations. Given that the sample size is re-
latively small, we have studied a tight age group of full-term infants.
Therefore, our results cannot necessarily be extrapolated to other stages
of development. Future EEG studies should be conducted across a full
24-hour period in a larger population of full- and pre-term infants, in
order to shed further light on the ontogeny of sleep-wake architecture –
one of the earliest organising principles of the complex neural activity
patterns of the newborn.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.earlhumdev.2019.07.007.
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