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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.
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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.

Author contributions

KW: conception, data collection, analysis and manuscript prepara-
tion. MS: preliminary analysis and manuscript review. JM: supervision
of data collection and manuscript revision. LF: analysis and manuscript
revision.

Declaration of Competing Interest

None declared.

Acknowledgements

This work was supported by the Medical Research Council (MR/
L019248/1). We also acknowledge the support of the UCLH/UCL
Biomedical Research Centre. We would like to thank the families who
participated in our neonatal EEG research program.

References

[1] U. Ermis, K. Krakow, U. Voss, Arousal thresholds during human tonic and phasic
REM sleep, J. Sleep Res. 19 (2010) 400–406, https://doi.org/10.1111/j.1365-2869.
2010.00831.x.

[2] T. Andrillon, D. Pressnitzer, D. Léger, S. Kouider, Formation and suppression of
acoustic memories during human sleep, Nat. Commun. 8 (2017) 179, , https://doi.
org/10.1038/s41467-017-00071-z.

[3] F.D. Carli, P. Proserpio, E. Morrone, I. Sartori, M. Ferrara, S.A. Gibbs, L.D. Gennaro,
G.L. Russo, L. Nobili, Activation of the motor cortex during phasic rapid eye

K. Whitehead, et al. Early Human Development 136 (2019) 45–48

47

https://doi.org/10.1016/j.earlhumdev.2019.07.007
https://doi.org/10.1016/j.earlhumdev.2019.07.007
https://doi.org/10.1111/j.1365-2869.2010.00831.x
https://doi.org/10.1111/j.1365-2869.2010.00831.x
https://doi.org/10.1038/s41467-017-00071-z
https://doi.org/10.1038/s41467-017-00071-z


movement sleep, Ann. Neurol. 79 (2016) 326–330, https://doi.org/10.1002/ana.
24556.

[4] C. Jouny, F. Chapotot, H. Merica, EEG spectral activity during paradoxical sleep:
further evidence for cognitive processing, Neuroreport 11 (2000) 3667–3671.

[5] M. Nishida, S. Uchida, N. Hirai, F. Miwakeichi, T. Maehara, K. Kawai, H. Shimizu,
S. Kato, High frequency activities in the human orbitofrontal cortex in sleep–wake
cycle, Neurosci. Lett. 379 (2005) 110–115, https://doi.org/10.1016/j.neulet.2004.
12.069.

[6] J. Kohyama, Y. Iwakawa, Developmental changes in phasic sleep parameters as
reflections of the brain-stem maturation: polysomnographical examinations of in-
fants, including premature neonates, Electroencephalogr. Clin. Neurophysiol. 76
(1990) 325–330, https://doi.org/10.1016/0013-4694(90)90033-G.

[7] I. Korotchikova, S. Connolly, C.A. Ryan, D.M. Murray, A. Temko, B.R. Greene,
G.B. Boylan, EEG in the healthy term newborn within 12 hours of birth, Clin.
Neurophysiol. 120 (2009) 1046–1053, https://doi.org/10.1016/j.clinph.2009.03.
015.

[8] K. Whitehead, M.P. Laudiano-Dray, J. Meek, L. Fabrizi, Emergence of mature cor-
tical activity in wakefulness and sleep in healthy preterm and full-term infants,
Sleep 41 (2018), https://doi.org/10.1093/sleep/zsy096.

[9] T.N. Tsuchida, C.J. Wusthoff, R.A. Shellhaas, N.S. Abend, C.D. Hahn, J.E. Sullivan,
S. Nguyen, S. Weinstein, M.S. Scher, J.J. Riviello, R.R. Clancy, American Clinical
Neurophysiology Society standardized EEG terminology and categorization for the
description of continuous EEG monitoring in neonates: report of the American
Clinical Neurophysiology Society Critical Care Monitoring Committee, J. Clin.
Neurophysiol. 30 (2013) 161–173, https://doi.org/10.1097/WNP.
0b013e3182872b24.

[10] M.M. Grigg-Damberger, The visual scoring of sleep in infants 0 to 2 months of age,
J. Clin. Sleep Med. 12 (2016) 429–445, https://doi.org/10.5664/jcsm.5600.

[11] M. André, M.-D. Lamblin, A.M. d'Allest, L. Curzi-Dascalova, F. Moussalli-
Salefranque, S. Nguyen The Tich, M.-F. Vecchierini-Blineau, F. Wallois, E. Walls-
Esquivel, P. Plouin, Electroencephalography in premature and full-term infants.
Developmental features and glossary, Clin. Neurophysiol. 40 (2010) 59–124,
https://doi.org/10.1016/j.neucli.2010.02.002.

[12] M. Cohen, Analyzing Neural Time Series Data, MIT Press, 2014.
[13] J.C. Birnholz, The development of human fetal eye movement patterns, Science 213

(1981) 679–681, https://doi.org/10.1126/science.7256272.
[14] R.S.G.M. Bots, J.G. Nijhuis, C.B. Martin, H.F.R. Prechtl, Human fetal eye move-

ments: detection in utero by ultrasonography, Early Hum. Dev. 5 (1981) 87–94,
https://doi.org/10.1016/0378-3782(81)90074-8.

[15] J.I.P. de Vries, B.F. Fong, Normal fetal motility: an overview, Ultrasound Obstet.
Gynecol. 27 (2006) 701–711, https://doi.org/10.1002/uog.2740.

[16] L. Curzi-Dascalova, J.M. Figueroa, M. Eiselt, E. Christova, A. Virassamy,
A.M. D'allest, H. Guimarâes, C. Gaultier, M. Dehan, Sleep state organization in
premature infants of less than 35 weeks' gestational age, Pediatr. Res. 34 (1993)
624–628, https://doi.org/10.1203/00006450-199311000-00013.

[17] M. Fukumoto, N. Mochizuki, M. Takeishi, Y. Nomura, M. Segawa, Studies of body
movements during night sleep in infancy, Brain Dev. 3 (1981) 37–43, https://doi.
org/10.1016/S0387-7604(81)80004-6.

[18] M. Hadders-Algra, Y. Nakae, L.A. Van Eykern, A.W.J. Klip-Van den Nieuwendijk,
H.F.R. Prechtl, The effect of behavioural state on general movements in healthy full-
term newborns. A polymyographic study, Early Hum. Dev. 35 (1993) 63–79,
https://doi.org/10.1016/0378-3782(93)90140-P.

[19] S. Graven, Sleep and brain development, Clin. Perinatol. 33 (2006) 693:706.
[20] A.H. Parmelee, W.H. Wenner, Y. Akiyama, M. Schultz, E. Stern, Sleep states in

premature infants, Dev. Med. Child Neurol. 9 (1967) 70–77, https://doi.org/10.
1111/j.1469-8749.1967.tb02212.x.

[21] J. Lehtonen, M. Valkonen-Korhonen, S. Georgiadis, M.P. Tarvainen, H. Lappi, J.-
P. Niskanen, A. Pääkkönen, P.A. Karjalainen, Nutritive sucking induces age-specific
EEG-changes in 0–24 week-old infants, Infant Behav. Dev. 45 (Part A) (2016)
98–108, https://doi.org/10.1016/j.infbeh.2016.10.005.

[22] H. Willekens, G. Dumermuth, G. Duc, D. Mieth, EEG spectral power and coherence
analysis in healthy full-term neonates, Neuropediatrics 15 (1984) 180–190, https://
doi.org/10.1055/s-2008-1052364.

[23] I. Timofeev, F. Grenier, M. Steriade, Disfacilitation and active inhibition in the
neocortex during the natural sleep-wake cycle: an intracellular study, PNAS 98
(2001) 1924–1929, https://doi.org/10.1073/pnas.98.4.1924.

[24] S. Datta, R.R. MacLean, Neurobiological mechanisms for the regulation of mam-
malian sleep–wake behavior: reinterpretation of historical evidence and inclusion
of contemporary cellular and molecular evidence, Neurosci. Biobehav. Rev. 31
(2007) 775–824, https://doi.org/10.1016/j.neubiorev.2007.02.004.

[25] M. Steriade, D. Pare, S. Datta, G. Oakson, R. Curro Dossi, Different cellular types in
mesopontine cholinergic nuclei related to ponto-geniculo-occipital waves, J.
Neurosci. 10 (1990) 2560–2579.

[26] G.A. Marks, J.P. Shaffery, A preliminary study of sleep in the ferret, Mustela pu-
torius furo: a carnivore with an extremely high proportion of REM sleep, Sleep 19
(1996) 83–93, https://doi.org/10.1093/sleep/19.2.83.

[27] M.B. Sterman, T. Knauss, D. Lehmann, C.D. Clemente, Circadian sleep and waking
patterns in the laboratory cat, Electroencephalogr. Clin. Neurophysiol. 19 (1965)
509–517, https://doi.org/10.1016/0013-4694(65)90191-4.

[28] R.J. Berger, I. Oswald, Eye movements during active and passive dreams, Science
137 (1962) 601, https://doi.org/10.1126/science.137.3530.601.

[29] V.B. Mountcastle, The columnar organization of the neocortex, Brain 120 (1997)
701–722, https://doi.org/10.1093/brain/120.4.701.

[30] J.-W. Yang, S. An, J.-J. Sun, V. Reyes-Puerta, J. Kindler, T. Berger, W. Kilb,
H.J. Luhmann, Thalamic network oscillations synchronize ontogenetic columns in
the newborn rat barrel cortex, Cereb. Cortex 23 (2013) 1299–1316, https://doi.
org/10.1093/cercor/bhs103.

[31] E.A. Tolner, A. Sheikh, A.Y. Yukin, K. Kaila, P.O. Kanold, Subplate neurons promote
spindle bursts and thalamocortical patterning in the neonatal rat somatosensory
cortex, J. Neurosci. 32 (2012) 692–702, https://doi.org/10.1523/JNEUROSCI.
1538-11.2012.

[32] C.D. Rio-Bermudez, M.S. Blumberg, Active sleep promotes functional connectivity
in developing sensorimotor networks, BioEssays 40 (2018) 1700234, , https://doi.
org/10.1002/bies.201700234.

[33] K. Whitehead, J. Meek, L. Fabrizi, Developmental trajectory of movement-related
cortical oscillations during active sleep in a cross-sectional cohort of pre-term and
full-term human infants, Sci. Rep. 8 (2018) 17516, , https://doi.org/10.1038/
s41598-018-35850-1.

[34] M. Milh, A. Kaminska, C. Huon, A. Lapillonne, Y. Ben-Ari, R. Khazipov, Rapid
cortical oscillations and early motor activity in premature human neonate, Cereb.
Cortex 17 (2007) 1582–1594, https://doi.org/10.1093/cercor/bhl069.

[35] P. Simor, F. Gombos, S. Szakadát, P. Sándor, R. Bódizs, EEG spectral power in
phasic and tonic REM sleep: different patterns in young adults and children, J. Sleep
Res. 25 (2016) 269–277, https://doi.org/10.1111/jsr.12376.

K. Whitehead, et al. Early Human Development 136 (2019) 45–48

48

https://doi.org/10.1002/ana.24556
https://doi.org/10.1002/ana.24556
http://refhub.elsevier.com/S0378-3782(19)30210-5/rf0020
http://refhub.elsevier.com/S0378-3782(19)30210-5/rf0020
https://doi.org/10.1016/j.neulet.2004.12.069
https://doi.org/10.1016/j.neulet.2004.12.069
https://doi.org/10.1016/0013-4694(90)90033-G
https://doi.org/10.1016/j.clinph.2009.03.015
https://doi.org/10.1016/j.clinph.2009.03.015
https://doi.org/10.1093/sleep/zsy096
https://doi.org/10.1097/WNP.0b013e3182872b24
https://doi.org/10.1097/WNP.0b013e3182872b24
https://doi.org/10.5664/jcsm.5600
https://doi.org/10.1016/j.neucli.2010.02.002
http://refhub.elsevier.com/S0378-3782(19)30210-5/rf0060
https://doi.org/10.1126/science.7256272
https://doi.org/10.1016/0378-3782(81)90074-8
https://doi.org/10.1002/uog.2740
https://doi.org/10.1203/00006450-199311000-00013
https://doi.org/10.1016/S0387-7604(81)80004-6
https://doi.org/10.1016/S0387-7604(81)80004-6
https://doi.org/10.1016/0378-3782(93)90140-P
http://refhub.elsevier.com/S0378-3782(19)30210-5/rf0095
https://doi.org/10.1111/j.1469-8749.1967.tb02212.x
https://doi.org/10.1111/j.1469-8749.1967.tb02212.x
https://doi.org/10.1016/j.infbeh.2016.10.005
https://doi.org/10.1055/s-2008-1052364
https://doi.org/10.1055/s-2008-1052364
https://doi.org/10.1073/pnas.98.4.1924
https://doi.org/10.1016/j.neubiorev.2007.02.004
http://refhub.elsevier.com/S0378-3782(19)30210-5/rf0125
http://refhub.elsevier.com/S0378-3782(19)30210-5/rf0125
http://refhub.elsevier.com/S0378-3782(19)30210-5/rf0125
https://doi.org/10.1093/sleep/19.2.83
https://doi.org/10.1016/0013-4694(65)90191-4
https://doi.org/10.1126/science.137.3530.601
https://doi.org/10.1093/brain/120.4.701
https://doi.org/10.1093/cercor/bhs103
https://doi.org/10.1093/cercor/bhs103
https://doi.org/10.1523/JNEUROSCI.1538-11.2012
https://doi.org/10.1523/JNEUROSCI.1538-11.2012
https://doi.org/10.1002/bies.201700234
https://doi.org/10.1002/bies.201700234
https://doi.org/10.1038/s41598-018-35850-1
https://doi.org/10.1038/s41598-018-35850-1
https://doi.org/10.1093/cercor/bhl069
https://doi.org/10.1111/jsr.12376

	Fronto-central slow cortical activity is attenuated during phasic events in rapid eye movement sleep at full-term birth
	Introduction
	Material and methods
	Subjects
	Recordings
	Data analysis

	Results
	Discussion
	Author contributions
	mk:H1_9
	Acknowledgements
	References




