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Abstract

Neonatal sleep is a crucial state that involves endogenous driven brain activity, important for 

neuronal survival and guidance of brain networks. Sequential EEG-sleep analysis in preterm 

infants provides insights into functional brain integrity and can document deviations of the 

biologically pre-programmed process of sleep ontogenesis during the neonatal period.

Visual assessment of neonatal sleep-EEG, with integration of both cerebral and non-cerebral 

measures to better define neonatal state, is still considered the gold standard. Electrographic 
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patterns evolve over time and are gradually time locked with behavioural characteristics which 

allow classification of quiet sleep and active sleep periods during the last 10 weeks of gestation. 

Near term age, the neonate expresses a short ultradian sleep cycle, with two distinct active and 

quiet sleep, as well as brief periods of transitional or indeterminate sleep. Qualitative assessment 

of neonatal sleep is however challenged by biological and environmental variables that influence 

the expression of EEG-sleep patterns and sleep organization. Developing normative EEG-sleep 

data with the aid of automated analytic methods, can further improve our understanding of extra-

uterine brain development and state organization under stressful or pathological conditions. Based 

on those developmental biomarkers of normal and abnormal brain function, research can be 

conducted to support and optimise sleep in the NICU, with the ultimate goal to improve 

therapeutic interventions and neurodevelopmental outcome.
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1 Introduction

Intensive monitoring of the vulnerable preterm and critically ill term neonate, has been 

increasingly complemented with bed-side neuromonitoring to achieve optimal insight into 

neurological well-being [1–3]. Serial electro-encephalography (EEG) monitoring over time 

can document actual normal or altered brain function and provides insight into the progress 

of brain maturation during this period of intensive neonatal care [1,4,5], with the ultimate 

goal to improve therapeutic interventions and long-term neurodevelopmental outcome.

Neonates spend most of their time resting in the sleeping state. Previous research has 

highlighted the important role of neonatal sleep as a state that involves endogenous driven 

brain activity, crucial for neuronal survival and guidance of brain networks [6–9] and relate 

the impact of sleep on cognitive, psychomotor and behavioural development in both animal 

[10,11] as well as human studies [12–16]. Moreover, sleep ontogenesis is a specific, pre-

programmed process of the maturing brain that manifests itself within a certain time window 

that begins in utero with rapid and major changes during the neonatal periods and infancy, 

and more subtle changes throughout childhood [11,17]. It's a complex and highly regulated 

neurologic function requiring the integration of different brain networks, influenced by the 

interplay between genetic endowment and environmental inputs, which allows for 

manifestations of neuroplasticity [6,8].

Qualitative assessment of neonatal sleep is therefore an essential and valuable measure of 

functional brain integrity [11,18], and recognition of sleep-wake states can be useful in the 

day-to-day monitoring, for assessing optimal periods for feeding and neonatal care, to 

support and optimise sleep in the NICU [19], as well as give insight in the sleep architecture 

of infants with sleep related problems (e.g. increased risk of sudden infant death syndrome, 

sleep apnoea).

This review discusses sleep in the preterm and term neonate and its relationship to brain 

development, measured with video-EEG polysomnography. We preface this with a short 
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overview of monitoring tools and focus on the maturation of electrographic patterns. To 

summarize, we assess what is currently known regarding qualitative and quantitative sleep-

EEG assessment in the neonatal period.

2 Sleep monitoring

2.1 Monitoring techniques

Conventional video-EEG-polysomnography studies are using a combination of behavioural 

and EEG characteristics for visual sleep-wake scoring to differentiate recognizable sleep 

EEG patterns in the preterm and full-term neonate, since neither of these characteristics 

alone are considered as gold standard [17,20,21]. To yield high quality EEG-

polysomnography recordings and document specific temporal and regional electrographic 

changes in brain activity, a reduced 10–20 position with 9 electrodes is preferred (e.g. 2 

frontal Fp1–Fp2 or F3–F4, 3 central C3–C4–Cz, 2 temporal T3–T4, 2 occipital O1–O2, 

reference and ground electrode). Non-cerebral physiological behaviours essential for sleep 

analysis are motility patterns, cardiorespiration and eye movements. Transcutaneous 

pO2/CO2 measurements are in general not applied, although major fluctuations can affect 

brain activity and can be considered in specific conditions [17,22]. The length of recording 

should cover at least a complete sleep cycle, with preferably a minimum of 3–4 h to take 

into account the ultradian cycle, however which remain still too restricted to accurately 

document the periodicity and stability of the developing circadian rhythm [23].

However, this might be too intrusive for the critical, sick extreme preterm infant. In this 

context, there is an increasing interest to distract sleep activity unobtrusively based on a 

variety of related techniques such as trend analysis of limited channel amplitude-EEG 

(aEEG) and heart rate variability [24–27].

2.2 Visual sleep scoring

Electrographic patterns are known to evolve over time, thereby reflecting the development of 

the brain cortex. It is well known that there are important differences in the development of 

the cerebral cortex if one compares the foetal and preterm brain [28]. Therefore, it is difficult 

to talk about a ‘normal’ ex utero brain development. However, assessment of serial 

multichannel EEG of preterm infants without major brain lesions who develop normally, is 

generally accepted as the closest approximation of normal functional brain maturation 

[29,30]. The postmenstrual age (PMA = gestational age at birth plus the weeks postpartum) 

should be known to assess functional brain maturity and the actual developmental age of the 

brain, which can be estimated within two weeks of the actual age for the preterm infant (e.g. 

< 37 weeks) and within one week for the full-term and post-term infant (respectively 37–44 

weeks of PMA, and 44–48 weeks PMA). Larger deviations, are considered abnormal or 

‘dysmature’ and if permanent, associated with increased risk of abnormal 

neurodevelopmental outcome [31–34].

Recently, the American Academy of Sleep Medicine renewed their recommendations for 

neonatal EEG sleep scoring in infants zero to two months of age [35]. In contrast to what has 

been reported by other experts in the field [11,17,29,30], they recommend only to score the 
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EEG pattern as discontinuous or continuous rather than identifying EEG patterns according 

to different sleep states, due to the complexity of the EEG patterns and high variability in 

scoring among raters.

Studies which assess inter-rater agreement of visual EEG-sleep scoring in preterm and term 

neonates are scarce. Stefanski et al. [36] found an overall agreement of 87% for scoring EEG 

sleep patterns, whereas the agreement was 10% lower for coding behavioural patterns, and 

decreased with lower GA. In our own cohort of preterm infants (PMA 27–41 weeks), we 

found a Cohen's Kappa of 0.93 (95% CI: 0.90–0.95) for QS versus non-QS classified 

epochs, with the lowest Kappa value for 27–31 weeks PMA [37]. Nevertheless, scoring all 

different sleep states will be more challenging and induce higher disagreement when 

characterizing immature sleep patterns, since strict criteria for scoring sleep in preterm 

infants are lacking [38].

3 Development of neonatal sleep

3.1 Sleep EEG patterns according to age (Figs. 1–8)

The development of different behavioural states in humans is species-specific and can be 

divided in quiet sleep (QS or non-REM sleep (NREM)), active sleep (AS or Rapid-Eye 

Movement (REM)), and wakefulness. These behavioural states are usually defined by a 

combination of behavioural, cardiorespiratory and EEG state specific criteria which emerge 

coherently over time, concurrent with the process of rapid brain maturation during foetal and 

early life [39].

Ultrasound observations have documented a rest-activity pattern in foetuses as young as 20–

28 weeks' gestation [39], in line with Scher et al. and Vecchierini et al. who described 

rudimentary sleep states in the stabilized, extremely premature infant, as early as 24 weeks 

[40,41] (Fig. 1a & b). A more significant organization of sleep occurs from 28 to 29 weeks 

PMA [6,11]. Deeper brain nuclei modulate the first reflections of two distinct sleep stages in 

the cortical activity and the differentiation between ‘active’ and ‘quiet sleep’ based on 

different grades of EEG discontinuity, can be made. However, these differences in EEG 

characteristics are only subtle and in preterm infants < 30 weeks, there is still the greatest 

uncertainty in classifying sleep. Indeed, when both behavioural and EEG criteria are 

required for state definition, more immature infants will have increased ‘Indeterminate 

Sleep’ (IS). These segments are sleeping periods (eyes are closed) but in which behavioural 

and clinical EEG features do not correspond to a definite AS or QS segment, indicating the 

immaturity of the organization of each parameter to represent distinct sleep states in the very 

premature infant [11,42], resulting in an augmentation of IS and lower levels of AS or QS. 

Transitional sleep (TS) is seen as a temporary presentation of IS, usually during transitions 

between AS and QS, when typical criteria for a specific behavioural state are vague.

From 30 to 31 weeks onwards, physical parameters of rapid eye movement, body movement 

and respiration are gradually integrated and time-locked with more specific recognizable 

EEG patterns for QS and AS [11,17,29,43], with increasing concordance over age [20,44]. 

This give rise to a less chaotic and more predictable stable sleep wake organization, 

modulated by the developing afferent connections from the deeper brain nuclei (e.g. 

Dereymaeker et al. Page 4

Early Hum Dev. Author manuscript; available in PMC 2019 January 22.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



thalamo-cortical connections, hypothalamus, hippocampus) [11,43,45]. Rapid eye 

movements are the main characteristic features associated with AS and a (semi)-continuous 

background EEG pattern of mainly synchronous occipital delta activity, together with 

increased facial and head movements and irregular heart rate and respiration (Fig. 2a). The 

EEG background pattern during QS is highly discontinuous with bursts of high amplitude ≥ 

3 s and periods of hypoactivity or electrographic quiescence (= interburst intervals or IBIs) ≤ 

15–20s, associated with a more regular cardiorespiratory pattern and less body movements 

(Fig. 2b). From 32 weeks onwards, AS is defined as periods of continuous tracing with no 

discontinuity for ≥ 60s and < 30s of micro-arousal (Fig. 3a) and QS is defined as 

discontinuous tracing with bursts of activity ≥ 3 s, and periods IBIs of ≤ 15 s in all EEG 

channels [19,29], with specific spatial and temporal organization of EEG features (Fig. 3b). 

A further decrease in amplitude during AS (Fig. 4a) and decrease in IBI during QS is seen 

from 34 weeks (Fig. 4b) [4]. QS periods are defined as still discontinuous or semi-

continuous in infants of 35–36 weeks GA and can be differentiated of AS with continuous 

tracing, episodes of REM and specific age-related transients. A detailed overview with a 

summary of cerebral and non-cerebral features for EEG sleep state scoring in preterm 

infants is presented in Table 1.

As more complex sleep stages follow the growth of major cortical afferent connections, the 

organization of the four neonatal sleep stages (two AS and two QS periods) and wakefulness 

are established after 36 weeks [17,46]. The background pattern during AS or REM is 

continuous with mixed (M) frequency activity as sleep onset AS 1 (Fig. 5), and a low 

voltage irregular (LVI) pattern AS 2 (Fig. 6) following QS [29,30,35]. Delta brushes are 

predominantly occipital in AS 1 whereas AS 2 contains more rapid, lower amplitude theta 

and alpha activity. From 37 to 38 weeks, a new sleep developmental trajectory during QS is 

expressed, with the emerging of ‘Tracé Alternant’ (TA) (Fig. 7), with the length of bursts 

equal to the length of IBIs, initiated by a brief ‘High Voltage Slow Wave’ (HVS, continuous 

diffuse high voltage delta with occipital and central predominance) QS pattern (Fig. 8). This 

leads to a globally more continuous EEG and the relative change in discontinuity between 

QS and non-QS states is only minor [37,47]. A regular respiratory rate and no REMs are the 

most consistent non-cerebral features associated with QS. Chin EMG activity, tonic between 

QS and low between AS, can be present however this parameter might be absent or 

unreliable to observe until 48–50 weeks GA [35].Table 2 summarizes the EEG and non-

cerebral features used in literature to score sleep in (near) term neonates [17,29–31,48].

Significant re-organization of sleep state occurs after 48 weeks GA, with transition from 

neonatal to infant sleep and change in terminology from AS to REM and QS to NREM [35]. 

The TA pattern will disappear and will be replaced completely by HVS and midline central 

sleep spindle activity will appear during NREM. Sleep onset will be more likely in NREM 

[17,35].

EEG arousals, lasting for 3 s to 1 min, are characterized by a desynchronization or change in 

the EEG pattern, and are usually associated with muscle activity, body activity, alterations in 

the respiratory pattern, and/or eye opening. Longer events (> 1 min) are scored as 

‘awakening’. Neonates are considered ‘asleep’ when eyes remain closed ≥3 min [19,35], 

however others define a behavioural state to be present when features are observed for > 1 
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min [30]. During wakefulness (W), eyes are open, with general body movements and high 

muscle tone, heart rate and respiratory pattern are irregular and a low voltage, irregular or 

mixed EEG pattern (LVI or M) with frequent movement artefacts is presented on EEG 

monitoring.

4 Qualitative assessment of neonatal sleep

4.1 Sleep state and sleep wake cycling across early brain development

A rough, rudimentary sleep wake cycle, based on alternating periods with and without eye 

movements related to EEG discontinuity, have been described in preterm infants of 24–30 

weeks of GA (Table 1) [40,41]. In our own cohort with PMA between 27 and 31 weeks, we 

found a slightly shorter cycle duration between two successive QS periods based on 

quantitative analysis (for detailed description of this study group see [37]). This is 

comparable to results of visual EEG-assessment of Curzi Dascalavoa et al., and coherent 

with the observation of a shorter cycle duration reported by Vecchierini et al. [44]. 

Nevertheless, there is still a notable wide range in cycle duration. Methodological 

differences in study conditions, impede exact comparison, however the presence of 

‘alternating vigilance states’ in clinically stable preterms, is evident [49] and can also be 

captured in a time-compressed presentation with aEEG [24,25]. Although the fluctuation in 

aEEG trend is considered a surrogate marker for normal brain function and a delayed 

appearance of sleep cycles is also associated with developmental impairment [26,50,51], 

qualitative sleep state interpretation with aEEG in preterm infants < 30 weeks is more 

complicated due to higher amounts of IS [36,43]. For a more qualitative assessment of 

preterm sleep, the integration of both cerebral and noncerebral measures is required which 

can be observed in more detail with video-PSG monitoring.

Studies investigating sleep in utero and low risk premature infants found that the amount of 

AS predominates in the last 10 weeks of gestation [6,43,52,53]. Endogenous neuronal 

activation, occurring during AS, provides the growth of neural networks (e.g. neurosensory 

systems) in preterm and term infants that have limited waking experiences. Mirmiran et al. 

[11] investigated sleep behaviour in 96 low risk preterm infants < 30 weeks GA with 

sequential polygraphic and behavioural measurements and found a significant age effect for 

both the amount of QS and IS. There was a significant decrease in time spent in IS from 

50% at 30–31 weeks to 20% at term age. This was accompanied by an increase of QS during 

this period of brain maturation when those brain areas are prepared for environmental 

stimuli. Percentages of QS and wakefulness will further rise up to 3 months of age, 

accompanied by a further decline of the time in AS (Table 3) [11,17,54]. In line with those 

findings, we found an increase in cycle length and mean QS time from 33 weeks PMA to 

term age in a group of 26 premature infants with GA < 32 weeks and normal 

neurodevelopmental outcome at 24 months who had sequential 4 h–EEG recordings over 

time (Table 1) [37]). At 33–34 weeks PMA, mean QS time was 15.1 ± 3 min (range 9–32 

min), at 35–36 weeks PMA mean QS time was 19 ± 3.6 min (range 4–34 min), at 37–38 

weeks PMA mean QS time was 18.8 ± 3.6 min (range 5–33 min) and at 38–40 weeks PMA 

mean QS time was 20.3 ± 3.3 min (range 7–37 min) which is comparable with the findings 

of Mirmiran et al. [11].
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Near term age, the neonate expresses a clear ultradian sleep cycle across the day of 50–60 

min (range 30–70 min), alternating with waking episodes in a 3–4 h cycle [17,35]. In 

contrast to older infants, sleep onset in neonates is predominantly with an AS segment (AS 

1). An overview of the full-term sleep cycle is presented in Table 4. Only a small amount, 

10–15% (10 min) of the total sleep time, is TS or IS in the healthy term infant [17,35] and 

this will be considered abnormal if abundant in the term neonate [30,42,55].

4.2 Sleep quality

Interpretation of sleep states remains a significant methodological challenge depending on 

the selected variables, maturity of the infants (biological variability), severity of illness of 

the infant and different environmental conditions (e.g. kangaroo care, light and sound 

stimulus, prone position, length of recording), which can all influence the quality of sleep 

expression, and the time variation of the SWC [19,54,56–59].

Several studies have focused on AS and its role in early brain development, nevertheless the 

importance of QS and conservation of a qualitative sleep-wake cycle cannot be overstated. 

Sleep has a vital function and AS provides crucial input for the development of long-term 

circuitry, proper sleep cycles and QS/NREM sleep are essential for the preservation of brain 

plasticity and the consolidation of those processes [6,11]: the progression from QS to AS is 

important for memory processing, and hippocampal processing of external stimuli occurs 

during QS [60].

Moreover, it has been hypothesized that mainly QS may be more responsive to stress factors 

(e.g. environmental stress related to longer extrauterine life) compared to other states and 

that the brain adapts to those conditions with an altered expression of state organization [61]. 

Scher et al. have reported changes in sleep architecture with longer sleep cycles and more 

sustained QS periods in preterm infants compared to matched full-terms at the same PMA, 

suggesting an acceleration in their development [57,61,62]. Some diurnal differences in the 

expressions of EEG sleep-wake patterns, triggered by the developing circadian rhythm [63] 

and environmental influences were also documented by Biagioni et al. and others [11,64]. 

Few awakenings during the morning hours and more QS patterns during the day-time were 

found in the preterms whereas QS patterns were equally distributed in day and night-time 

near term age.

Skin-to skin-care (SSC) is associated with less arousals and an increased percentage of QS 

in preterm infants when also exposed to low ambient light levels, which may indicate better 

sleep conditions [19,65]. Welch et al. found that frontal brain activity (EEG power) 

increased both during QS and AS when preterm infants had SSC [66,67]. The beneficial 

effect of all those adaptations regarding better and more stable state organization looks 

promising and favours the major improvements that have been made in the developmental 

care interventions of those infants [68,69], but the prolonged benefits on long-term 

neurodevelopmental outcome, still needs to be confirmed.

In the neurologically compromised neonate, physiological parameters as well as the EEG 

background will undergo noticeable alterations (e.g. hypoxic ischemic encephalopathy, 

intraventricular haemorrhage, seizures and sedative medication). The EEG-defined sleep 

Dereymaeker et al. Page 7

Early Hum Dev. Author manuscript; available in PMC 2019 January 22.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



states may no longer meet the criteria previously defined [11,42,55] and different grades of 

background depression with alterations over the whole full-term sleep cycle can be 

observed. In maximal depression of brain function in neonates, sleep cycles completely 

disappear and state differentiation is no longer possible in the acute stage. The background 

pattern is severely suppressed with extreme low voltage activity or with no discernible 

cerebral activity. Heart rate variability is decreased. In marked depression, there is a burst-

suppression pattern (an invariant and unreactive pattern of bursts of paroxysmal activity 

alternating with periods of marked voltage attenuation), and sleep cycles are also abolished. 

In moderate depression, the background is depressed with low voltage and discontinuous 

activity, and the state-EEG relation and sleep cycles are grossly disturbed. A discontinuous 

pattern can be seen in both QS and AS, although less so in the latter. HVS and M patterns 

are no longer seen [55].

In neonates with mild depression of brain function, sleep cycles and state-EEG relation are 

mildly disturbed but still can be identified. QS will be replaced by IS or a discontinuous 

pattern and HVS will disappear and AS will have more LVI patterns as mixed frequency. In 

minimal depression, some EEG background abnormalities will only be apparent in QS, 

making the EEG more discontinuous and markedly asynchronous, whereas sleep cycles and 

sleep state are maintained, making QS an intriguing clinical marker for assessing more 

subtle alterations in brain function [11,55,70]. Not only the severity of background 

suppression and related to this, the quality of sleep states and cycles, but also the timing of 

‘re-appearance’ and ‘stability’ of sleep wake cycles have been correlated with long-term 

outcomes [31,42,55,71].

5 Automated sleep-EEG analysis

Automated detection of sleep periods and quantification of sleep may document alterations 

in cortical function during extra-uterine brain development and accelerate the more 

subjective visual assessment.

Detection of sleep is, however, challenging during this period of rapid brain maturation, 

because of the biological and technical variability in EEG background patterns. Moreover, 

multiple sleep-EEG studies indicate that newborn state recognition is more comprehensively 

assessed when integrating both cerebral and non-cerebral measures. Previous attempts were 

either based on single channel EEG in very preterm infants < 32 weeks [49,72,73] or 

focused on the neonatal, term EEG [62,74–76] or mainly determined quantitative features 

based on visual pre-selection of sleep states [5,70,77–80]. Quantitative EEG-features that are 

most related with brain maturation and applied to sleep in previous studies, are spectral 

analysis (which decomposes the EEG signal into its constituent frequency components) 

[23,79,81] and methods to define EEG discontinuity [4,49,82,83]. Recently, more interest is 

directed to the analysis of functional brain connectivity and non-linear methods using 

complexity analysis, since those methods can document physiological behaviours as a 

measure of the state of a dynamical process [65]. Koolen et al. showed that the synchrony 

between cortical activations in QS periods, based on the ‘Activation Synchrony Index’ 

(ASI), significantly increased between 30 and 40 weeks PMA [5,79]. Tokariev et al. 

provided a benchmarking study that functional brain connectivity develops rapidly and is 
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related to vigilance states in human term neonates [84]. All together, these studies provide 

important developmental features of functional brain maturation related to sleep states, 

however, current procedures for automated sleep detection, which allow subsequent 

quantification, are limited. To bridge this gap, our group developed an automated QS 

detection algorithm that performs robustly over a wide PMA range [37]. Using this 

automated approach, quantification of the electrocortical activity during QS was performed, 

as a gateway to assess the quality of brain maturation in preterm infants in future studies and 

allow for further exploration of the relationship between cerebral activity, brain 

development, and neurodevelopmental outcome. In line with this, Koolen et al. [85] used a 

combination of EEG features to classify EEG epochs as AS and QS across preterm brain 

development and provided a sleep probability trend.

6 Future directions

Studies of qualitative and quantitative assessment of preterm sleep have not been widely 

reported and improvements in neonatal medicine (Kangaroo Care, Newborn Individualized 

Developmental Care and Assessment Program (NIDCAP), non-invasive ventilation [86]) 

over the last decade have changed the sleeping conditions of those vulnerable preterm 

infants and ask for a more recent and updated assessment of preterm and neonatal sleep to 

complement those data. Further attempts to fully automate EEG sleep wake classification, 

may not only improve the analytic accuracy to develop normative data across different 

centres, of interest to compare subgroup populations at high risk for impaired brain function, 

but may also be useful in the day to day monitoring. A bedside tool, minimal invasive, which 

facilitate the recognition of sleep states, can guide and improve developmental clinical care.

7 Conclusion

Sequential EEG-sleep analysis during the neonatal period provides crucial insights into 

functional brain integrity and documents deviations of the biologically pre-programmed 

process of sleep ontogenesis. Visual assessment of neonatal sleep-EEG, with integration of 

both cerebral and non-cerebral measures to better define neonatal state, is considered the 

gold standard, however future studies on inter-rater agreement are definitely needed to 

improve its validity.

Developing qualitative and normative data with the aid of automated signal processing 

approaches, can further improve our understanding of extra-uterine brain development under 

stressful or pathological conditions and the impact of neonatal sleep on later neurocognitive 

function.
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Abbreviations

AS active sleep

QS quiet sleep

IS indeterminate sleep

TS transitional sleep

SWC sleep-wake cycle

IBI interburst interval

REM rapid-eye movement

NREM non rapid-eye movement

PMA postmenstrual age

GA gestational age

HVS high voltage slow wave sleep

LVI low voltage irregular pattern

M mixed frequencies

W wakefulness

NIDCAP Newborn Individualized Developmental Care

SSC skin-to-skin care

aEEG amplitude EEG
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Fig. 1. Preterm neonate (25 2/7 weeks GA), recorded at 25 3/7 PMA
a. Rudimentary state differentiation with more continuous and discontinuous EEG. High 

voltage central (red arrow) and temporal delta activity during more continuous EEG, lasting 

20 s.

b. Period of high discontinuity, with long IBIs alternated with high amplitude burst activity. 

Fluctuation of rudimentary state can also be observed in the aEEG trends (red arrow). (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. 2. Preterm neonate (26 3/7 weeks GA), recorded at 30 2/7 weeks PMA.
a. Continuous EEG activity associated with REM (red arrow).

b. Discontinuous EEG (tracé discontinu) during QS, no REM and more regular breathing 

(red arrow). (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. 3. Preterm neonate (30 4/7 weeks GA), recorded at 32 3/7 weeks PMA.
a. Continuous tracing during AS. Delta waves with superimposed fast rhythms (delta 

brushes) in both temporal and occipital brain regions. Irregular breathing pattern. Sleep state 

organization is now clearly visible in the aEEG trend.

b. Preterm neonate (30 4/7 weeks GA), recorded at 32 3/7 weeks PMA. Discontinuous 

tracing during QS, with IBI's ≤ 15 s. More regular breathing pattern. Temporal theta activity 

mainly during QS and occipital delta brushes.
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Fig. 4. Preterm neonate (29 4/7 weeks GA), recorded at 34 4/7 weeks PMA.
a. Continuous tracing during AS. Clear decrease in amplitude. Delta waves with 

superimposed fast rhythms (delta brushes) in the occipital brain regions (red circle). 

Immature frontal transient (symmetrical) (red arrow). Irregular breathing pattern.

b. Tracé discontinu during QS, with IBI's ≤ 10s. More regular breathing pattern.

Temporal theta decreased during QS and occipital delta brushes (red circle). Three periods 

of tracé discontinu can be observed in the aEEG trend. (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. 5. Late term neonate (36 weeks GA), recorded at 38 6/7 weeks PMA.
Continuous activity with mixed frequencies during AS1 associated with REM, with higher 

amplitude and lower frequencies than during AS2. Frontal transients (red arrow) and slow 

anterior dysrhythmia in frontal regions (red line). (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. 6. Preterm neonate (29 4/7 weeks GA), recorded at 36 3/7 weeks PMA.
Continuous tracing with low voltage irregular pattern during AS2 and REM (red arrow). 

EMG was omitted from this figure due to technical artefact. (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. 7. Late term neonate (36 weeks GA), recorded at 38 6/7 weeks PMA.
Tracé alternant activity during QS. Length bursts = length IBIs, IBI amplitude ≥ 25 μV (red 

line). Delta brushes only in QS (red circle) and rolandic theta (red line). (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. 8. Term neonate (41 2/7 weeks GA), recorded at 42 3/7 weeks PMA.
High voltage slow wave sleep at QS onset.

Dereymaeker et al. Page 23

Early Hum Dev. Author manuscript; available in PMC 2019 January 22.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Dereymaeker et al. Page 24

Ta
b

le
 1

Su
m

m
ar

y 
of

 c
er

eb
ra

l a
nd

 n
on

-c
er

eb
ra

l f
ea

tu
re

s 
fo

r 
sl

ee
p 

st
at

e 
sc

or
in

g 
an

d 
sl

ee
p 

or
ga

ni
za

ti
on

 in
 p

re
te

rm
 in

fa
nt

s.

G
A

 in
 w

ee
ks

24
–2

6
27

–2
8

29
–3

0
31

–3
2

33
–3

4
35

–3
6

O
rg

an
iz

at
io

n 
of

 b
eh

av
io

ur
al

 s
ta

te
1

R
ud

im
en

ta
ry

 s
ta

te
 w

ith
 R

E
M

2  
an

d 
N

o 
R

E
M

 
pe

ri
od

s

A
W

: m
ai

nl
y 

ar
te

fa
ct

s
A

S 
w

ith
 R

E
M

Q
S

IS

A
W

: m
ai

nl
y 

ar
te

fa
ct

s 
↑3

A
S 

w
ith

 R
E

M
Q

S
IS

A
W

: m
ai

nl
y 

ar
te

fa
ct

s 
↑

Q
W

A
S 

w
ith

 R
E

M
Q

S
IS

A
W

: m
ai

nl
y 

ar
te

fa
ct

s 
Q

W
: ↑

A
S 

w
ith

 R
E

M
Q

S
IS ≥3

6:
 A

S1
-Q

S-
A

S2

E
E

G
 b

ac
kg

ro
un

d 
ac

ti
vi

ty
 d

ur
in

g 
sl

ee
p 

st
at

es
In

co
ns

is
te

nt
ly

:
E

ye
 m

ov
em

en
ts

: l
es

s 
di

sc
on

tin
uo

us
, h

ig
he

r 
am

pl
itu

de
N

o 
ey

e 
m

ov
em

en
ts

: d
is

co
nt

in
uo

us
, I

B
Is

 u
p 

to
 3

0s
, l

ow
er

 a
m

pl
itu

de

A
S 

w
it

h 
R

E
M

: 
di

sc
on

tin
uo

us
 o

r 
se

m
i-

co
nt

in
uo

us
,

Q
S 

–w
it

ho
ut

 R
E

M
: 

bu
rs

ts
 o

f 
ac

tiv
ity

 ≥
3 

s,
 I

B
Is

<
 2

0–
30

s

A
S 

w
it

h 
R

E
M

: 
(s

em
i)

 
co

nt
in

uo
us

Q
S 

-w
it

ho
ut

 R
E

M
: 

bu
rs

ts
 ≥

3 
s,

 I
B

Is
 ≤

15
–2

0s

Q
W

: 
co

nt
in

uo
us

A
S 

w
ith

 R
E

M
: 

co
nt

in
uo

us
Q

S 
- 

N
o 

R
E

M
: 

bu
rs

ts
 

≥3
 s

, I
B

Is
 ≤

10
–1

5 
s

Q
W

: 
co

nt
in

uo
us

A
S1

 w
it

h 
R

E
M

: 
hi

gh
er

 
am

pl
itu

de
, c

on
tin

uo
us

A
S2

 w
it

h 
R

E
M

: 
lo

w
er

 
am

pl
itu

de
, f

as
te

r 
fr

eq
ue

nc
y 

co
nt

in
uo

us
 a

ct
iv

ity
Q

S-
T

D
 –

 w
it

ho
ut

 R
E

M
: 

(s
em

i)
 d

is
co

nt
in

uo
us

IB
Is

 <
 1

0s
 &

 a
m

pl
itu

de
 1

5-
25

 
μV

St
at

e 
sp

ec
if

ic
 t

em
po

ra
l a

nd
 s

pa
ti

al
 

or
ga

ni
za

ti
on

N
o 

st
at

e 
sp

ec
if

ic
 

or
ga

ni
za

tio
n 

M
on

or
hy

th
m

ic
 a

lp
ha

 a
nd

 
th

et
a 

ac
tiv

ity
 in

 o
cc

ip
ita

l 
re

gi
on

s
=

ST
O

P4
 r

hy
th

m

Te
m

po
ra

l t
he

ta
 in

 Q
S 

↑ Sy
nc

hr
on

ou
s 

de
lta

 
nu

m
er

ou
s 

in
 A

S
A

m
pl

itu
de

 ↓

D
el

ta
 b

ru
sh

es
 o

cc
ip

ita
l 

an
d 

te
m

po
ra

l
D

el
ta

 w
av

es
 w

ith
 th

et
a 

nu
m

er
ou

s 
in

 A
S

Te
m

po
ra

l t
he

ta
 (

sa
w

to
ot

h)
 

A
S/

Q
S

D
el

ta
 b

ru
sh

es
 o

cc
ip

ita
l, 

↓ 
in

 a
m

pl
itu

de
Te

m
po

ra
l t

he
ta

 
(s

aw
to

ot
h)

 m
ai

nl
y 

in
 Q

S 
an

d 
↓

Im
m

at
ur

e 
fr

on
ta

l 
tr

an
si

en
ts

 in
 A

S

D
if

fu
se

 th
et

a 
w

av
es

 A
S2

 >
 

A
S1

D
if

fu
se

 d
el

ta
 w

av
es

 in
 Q

S,
 

oc
ci

pi
ta

l a
nd

 n
um

er
ou

s 
in

 
A

S1
 >

 A
S2

Im
m

at
ur

e 
fr

on
ta

l t
ra

ns
ie

nt
s 

in
 

A
S1

O
ns

et
 o

f 
Q

S:
 a

sy
nc

hr
on

y

N
on

-c
er

eb
ra

l f
ea

tu
re

s

•
R

E
M

•
C

ar
di

or
es

pi
ra

to
ry

 
re

gu
la

ri
ty

•
B

od
y 

m
ov

em
en

ts

•
To

ni
c 

ch
in

 E
M

G

A
S:

 ±
Q

S:
 −

A
S:

 ir
re

gu
la

r
Q

S:
 ir

re
gu

la
r 

or
 m

or
e 

re
gu

la
r 

N
ot

 d
is

cr
im

in
an

t
A

S 
~ 

fa
ce

 a
nd

 b
od

y,
 

se
gm

en
ta

l m
yo

cl
on

us
 o

r 
ge

ne
ra

liz
ed

 m
yo

cl
on

ic
, 

to
ni

c 
po

st
ur

in
g

/

A
S:

 +
 Q

S:
 −

A
S:

 +
 Q

S:
 −

A
S:

 v
ar

ia
bi

lit
y 

C
R

 r
at

e
Q

S:
 ↓
 v

ar
ia

bi
lit

y 
C

R
 r

at
e

A
S:

 +
 +

, ↑
 h

ea
d 

&
 f

ac
ia

l 
m

ov
em

en
ts

Q
S:

↓ 
sm

al
l a

nd
 la

rg
e 

bo
dy

 m
ov

em
en

ts
A

S:
 −

 Q
S:

±
(n

ot
 

co
ns

is
te

nt
, a

bs
en

t i
n 

~2
0%

 o
f 

Q
S)

A
S:

 +
 Q

S:
 −

A
S:

 v
ar

ia
bi

lit
y 

C
R

 r
at

e
Q

S:
 ↓
 v

ar
ia

bi
lit

y 
C

R
 

ra
te

A
S:

 +
 +

 +
, ↑

 h
ea

d 
&

 
fa

ci
al

 m
ov

em
en

ts
Q

S:
↓ 

sm
al

l a
nd

 la
rg

e 
bo

dy
 m

ov
em

en
ts

A
S:

 −
 Q

S:
±

(n
ot

 
co

ns
is

te
nt

, a
bs

en
t i

n 
~2

0%
 o

f 
Q

S)

A
S:

 +
 +

 Q
S:

 −
A

S:
 v

ar
ia

bi
lit

y 
C

R
 r

at
e

Q
S:

 ↓
 v

ar
ia

bi
lit

y 
C

R
 r

at
e

A
S:

 +
 +

 +
, ↑

 h
ea

d 
&

 f
ac

ia
l 

m
ov

em
en

ts
Q

S:
↓ 

sm
al

le
r, 

se
gm

en
ta

l b
od

y 
m

ov
em

en
ts

A
S:

 −
 Q

S:
±

(n
ot

 c
on

si
st

en
t, 

ab
se

nt
 in

 ~
20

%
 o

f 
Q

S)

C
yc

le
 le

ng
th

 (
m

in
)

R
an

ge
 (

m
ea

n 
±

 S
D

)

[4
3]

>
 2

7 
w

ee
ks

10
–5

9.
6 

(3
9.

7 
±

 1
8.

6)
5–

84
.6

 (
30

.0
 ±

 2
7.

6)
9.

3–
71

.3
 (

35
.0

 ±
 1

7.
2)

[4
1]

9–
55

10
–5

9
4–

43

[4
0]

>
 2

5 
w

ee
ks

37
–1

00
(6

8 
±

 1
9-

)
<

 3
0 

w
ee

ks

[3
7]

>
 2

7 
w

ee
ks

1 
0.

6–
90

.2
 (

32
 ±

 1
8)

5.
8–

83
(3

1.
6 

±
 1

0.
6)

5.
9–

83
.9

(3
9.

5 
±

 1
4.

8)
6.

3–
10

9
(5

0.
9 

±
 1

9.
2)

Early Hum Dev. Author manuscript; available in PMC 2019 January 22.



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Dereymaeker et al. Page 25

G
A

 in
 w

ee
ks

24
–2

6
27

–2
8

29
–3

0
31

–3
2

33
–3

4
35

–3
6

P
ro

vo
ke

d 
E

E
G

 r
ea

ct
iv

it
y

N
o 

re
ac

tiv
ity

 o
n 

E
E

G
 d

ur
in

g 
ge

nt
le

 ta
ct

ile
 

st
im

ul
at

io
n

In
co

ns
is

te
nt

ly
 a

nd
 v

ar
ia

bl
e 

in
 e

xp
re

ss
io

n

→ →
A

S:
 tr

an
si

en
t d

ec
re

as
e 

in
 

E
E

G
 a

m
pl

itu
de

Q
S:

 tr
an

si
en

t c
on

tin
uo

us
 

E
E

G

A
S:

 tr
an

si
en

t d
ec

re
as

e 
in

 
ac

tiv
ity

Q
S:

 a
pp

ea
ra

nc
e 

of
 c

on
tin

uo
us

 
hi

gh
 a

m
pl

itu
de

 s
lo

w
 w

av
e 

ac
tiv

ity

1 St
at

e 
co

de
d 

by
 th

e 
co

nc
or

da
nc

e 
of

 c
er

eb
ra

l a
nd

 n
on

-c
er

eb
ra

l f
ea

tu
re

s 
ac

co
rd

in
g 

to
 th

e 
ge

st
at

io
na

l a
ge

. A
da

pt
ed

 f
ro

m
: [

29
,9

,4
1,

17
,3

0,
35

].

2 A
bb

re
vi

at
io

ns
: A

W
=

 A
ct

iv
e 

W
ak

e,
 A

S=
 A

ct
iv

e 
Sl

ee
p,

 Q
S 

=
 Q

ui
et

 S
le

ep
, Q

W
: Q

ui
et

 W
ak

e,
 I

S:
 I

nd
et

er
m

in
at

e 
sl

ee
p,

 T
ST

=
 T

ot
al

 S
le

ep
 T

im
e,

 Q
S-

T
D

: Q
ui

et
 S

le
ep

, T
ra

cé
 D

is
co

nt
in

u,
 I

B
I=

 I
nt

er
bu

rs
t 

In
te

rv
al

, C
R

: c
ar

di
or

es
pi

ra
to

ry
 r

at
e.

3 ↑:
 in

cr
ea

se
, ↓

: d
ec

re
as

e,
 >

: m
or

e.

4 ST
O

P 
rh

yt
hm

: s
po

nt
an

eo
us

 th
et

a 
ac

tiv
ity

 in
 th

e 
oc

ci
pi

ta
l r

eg
io

ns
 in

 th
e 

pr
em

at
ur

e 
ne

on
at

e.

Early Hum Dev. Author manuscript; available in PMC 2019 January 22.



 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

Dereymaeker et al. Page 26

Table 2
Summary of cerebral and non-cerebral features for sleep state scoring and sleep 
organization in term neonates.

GA in weeks 37–38 39–40 41–44 43–48

Organization of behavioural state1 AW, QW, AS1, AS2, QS-HVS, QS-TA, IS, TS2

Proportion of time spent in any 
state according to age based on 
average cycle length of 50–60 min

AS: 50–60%
QS: 30–40%
IS: 10–15%

AS1: 25–35%
QS-HVS: 3–5%
QS-TA: 30%
AS2: 15–25%
IS: 10–15%

AS1: 25–35%
QS-HVS: 15–20%
QS-TA: 15–20%
AS2: 15–25%
IS: 10–15%

AS1: 25–35%
QS-HVS ~ NREM: 
45%
AS2: 10–15%
IS: 10–15%

EEG background activity during 
sleep states

AW/QW/AS2 low 
voltage irregular pattern
AS1 mixed frequencies, 
higher amplitude
QS-TA: length IBI = 
length bursts ~6 s, IBI 
amplitude ≥25 μV

AW/QW/AS2 low 
voltage irregular 
pattern
AS1 mixed 
frequencies, higher 
amplitude
QS-HVS: high 
voltage, slow waves, 
occipital 
predominance
QS-TA: length IBI = 
length bursts ~6 s, IBI 
amplitude > 25 μV

AW/QW/AS2 low 
voltage irregular pattern
AS1 mixed frequencies, 
higher amplitude
QS-HVS: high voltage, 
slow waves, occipital 
predominance ↑
QS-TA:↓

AW/QW/AS2 low 
voltage irregular 
pattern
AS1 mixed 
frequencies, higher 
amplitude
QS-HVS: High 
voltage, slow waves

State specific temporal and spatial 
organization

Rolandic theta waves in 
AS2 > AS1
Delta brushes occipital 
in AS & QS
Diffuse delta waves QS 
Frontal transient, slow 
anterior dysrhythmia AS 
1, transition QS
AS: synchronous Onset 
of QS: asynchrony

Sharp rolandic alpha & 
heta bursts in QS
Delta brushes occipital 
↓, only in QS
Frontal transient, slow 
anterior dysrhythmia 
AS 1, transition QS
AS: synchronous
QS: synchronous

Sharp rolandic alpha & 
heta bursts in QS
Delta brushes 
disappeared in all states
Frontal transient, slow 
anterior dysrhythmia AS 
1, transition QS
AS: synchronous
QS: synchronous

QS-HVS: sporadic 
spindle like activity

Non-cerebral features

• REM

• Cardiorespiratory 
regularity

• Body movements

• Tonic chin EMG

• Arousals

AS: + + + QS: −
AS: variability CR rate
QS: ↓ variability CR 
rate
AS: + + +, ↓ head & 
facial movements
QS:↓ smaller, segmental 
body movements (10% 
of QS)
AS: − QS: ± (absent in 
~20% of QS)

AS: + + + QS: −
AS: variability CR rate
QS: ↓ variability CR rate
AS: + + +, ↓ head & 
facial movements
QS:↓ smaller, segmental 
body movements (3% of 
QS)
AS: − QS: ± (absent in 
~20% of QS)

AS: + + QS: −
AS: variability CR 
rate
QS: ↓ variability 
CR rate
AS: + + +, ↓ head 
& facial movements
QS:↓ smaller, 
segmental body 
movements (3% of 
QS)
AS: − QS: ± (absent 
in ~20% of QS)
↓

1
State coded by the concordance of cerebral and non-cerebral features according to the gestational age. Adapted from: [35,9,17,29,30].

2
Abbreviations: AW =Active Wake, AS= Active Sleep, QS =Quiet Sleep, QW: Quiet Wake, IS: Indeterminate Sleep, TS: Transitional sleep HVS: 

High voltage slow wave sleep, TA: Tracé Alternant, REM =Rapid Eye Movements, IBI= Interburst Interval, CR: cardiorespiratory rate.
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Table 3
Development of sleep states according to the gestational age in preterm and full-term 
neonates.
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Table 4
Full-term sleep cycle average ± 50–60 min.
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