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Although quantitative analysis of the sleep electroencephalogram (EEG) has uncovered important aspects of brain activity during
sleep in adolescents and adults, similar ﬁndings from preschool-age children remain scarce. This study utilized our time-frequency
method to examine sleep oscillations as characteristic features of human sleep EEG. Data were collected from a longitudinal sample
of young children (n = 8; 3 males) at ages 2, 3, and 5 years. Following sleep stage scoring, we detected and characterized oscillatory
events across age and examined how their features corresponded to spectral changes in the sleep EEG. Results indicated a
developmental decrease in the incidence of delta and theta oscillations. Spindle oscillations, however, were almost absent at 2
years but pronounced at 5 years. All oscillatory event changes were stronger during light sleep than slow-wave sleep. Large
interindividual diﬀerences in sleep oscillations and their characteristics (e.g., “ultrafast” spindle-like oscillations, theta oscillation
incidence/frequency) also existed. Changes in delta and spindle oscillations across early childhood may indicate early
maturation of the thalamocortical system. Our analytic approach holds promise for revealing novel types of sleep oscillatory
events that are speciﬁc to periods of rapid normal development across the lifespan and during other times of aberrant changes
in neurobehavioral function.

1. Introduction
The electroencephalogram (EEG) is a fundamental method
for identifying sleep/wakefulness states, quantifying sleeprelated cortical activity and assessing sleep regulation. Slow
oscillations, delta activity, and sleep spindles are prominent
features of the sleep EEG during nonrapid eye movement
(NREM) sleep. Visual detection of some features of the sleep
EEG (e.g., sleep spindles) can be challenging because such
events may be masked by high-amplitude slow waves. This
is true during early childhood, a period of rapid maturation

of brain activity during sleep and a time when the amplitude
of slow waves is relatively high [1]. Quantitative EEG analysis
is a strong approach to amending this challenge.
The sleep EEG can be analyzed in several ways: (i) the
time domain (e.g., period-amplitude analysis), which provides information about the incidence and amplitude of
waves [2, 3]; (ii) the frequency domain (e.g., spectral analysis), which decomposes signals into constituting frequency
components; or (iii) time-frequency analysis methods (e.g.,
spectrograms, wavelet analysis, and matching pursuit), which
combine elements of both domains [4]. In this paper, we use
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a time-frequency approach based on adaptive autoregressive models that allows detection of oscillatory events without requiring the deﬁnition of prespeciﬁed frequency bands
(i.e., known oscillations such as slow waves or sleep spindles)
and thus is more sensitive to interindividual diﬀerences in the
frequencies of oscillatory activity. Such approaches may also
be best suited for uncovering oscillatory events that are
unique to periods of rapid early neurodevelopmental
change, which show high variability and commonly do
not unfold linearly but in series of stepwise spurts and plateaus (e.g., [5, 6]).
The beneﬁts of sleep for brain function and learning as
reﬂected in plastic changes across the cortex during development are increasingly recognized (e.g., [7]). Oscillatory
events during sleep are proposed to be biomarkers of neurodevelopmental brain plasticity. In particular, slow waves,
delta activity, and spindles generated by thalamocortical networks [8, 9] might reﬂect developmental changes in functional brain connectivity within the same physiological
structures [10, 11]. To date, reports of interindividual variability and longitudinal development of sleep oscillations in
early life remain scarce.
Here, we utilized our previously published time-frequency
analysis method based on autoregressive modelling of short
overlapping EEG segments [12–14] to characterize transient
oscillatory activity in the longitudinal nighttime sleep EEG
recordings of children at ages 2, 3, and 5 years. In addition to
average developmental changes, our analytic approach
allowed for sensitive assessment of interindividual variation
in our measures. Furthermore, we examined how speciﬁc
oscillatory events herald the onset of sleep (i.e., the transition
from waking to sleep).

2. Methods
2.1. Subjects and Protocol. Eight healthy children (3 males;
6 Caucasians) were studied longitudinally at three ages
[2.8 ± 0.2 (SEM; 2Y); 3.8 ± 0.2 (3Y); 5.9 ± 0.2 (5Y) years].
Recruitment, screening, and inclusion/exclusion criteria
are detailed in our previous publications [10, 15].
During the 5 days before an overnight sleep recording,
children followed a sleep stabilization schedule. They slept
in their habitual environment (i.e., home, day care, and
family care) with a minimal sleep opportunity of 12.5 h
(2Y and 3Y) or 12 h (5Y) per 24 h day. The schedule included
a nap opportunity of at least 45 min at 2Y for all children and
at 3Y for seven of the children (one child had stopped napping). The stabilization phase served to minimize sleep
restriction and to entrain the circadian system. Compliance with the prescribed schedule was veriﬁed with sleep
diaries, daily parent reports, and actigraphic recordings.
Caﬀeine consumption and medication aﬀecting sleep,
alertness, or the circadian system were prohibited during
the entire study.
Overnight in-home sleep EEG was obtained after 13 hours
of prior wakefulness [no napping; bedtime 19 : 58 ± 0 : 11
(SEM) at 2Y, 20 : 05 ± 0 : 09 at 3Y, 19 : 59 ± 0 : 13 at 5Y; wake
time 6 : 47 ± 0 : 11 at 2Y, 6 : 52 ± 0 : 14 at 3Y, 6 : 34 ± 0 : 14 at
5Y] using a portable 16-channel EEG recorder (Vitaport 3,
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Temec Instruments, Kerkrade, The Netherlands). Four EEG
derivations (C3A2, C4A1, O1A2, and O2A1; standard 10–20
system), EMG, and EOG were recorded. Data were sampled
at 128 Hz (EEG ﬁlter 0.16–30 Hz; 2Y) and at 256 Hz (0.16–
70 Hz; 3Y and 5Y). Sleep stages were visually scored for 30 s
epochs (C3A2) according to standard criteria [16] by a reliable
scorer (MKL).
2.2. Spectral Analysis. Power density spectra (derivation
C3A2) were calculated for consecutive 30 s epochs [FFT,
Tukey window (tapered cosine, ratio of cosine tapered section length to the entire window length 0.5), average of ten
4 s epochs overlapping by 1 s; matched with sleep stages;
VitaScore, Temec Instruments, Kerkrade, The Netherlands]
resulting in a frequency resolution of 0.25 Hz. Epochs were
excluded whenever power in the 20–40 Hz and 0.75–4.5 Hz
band exceeded a threshold based on a moving average determined over twenty 30 s epochs.
2.3. Detection and Analysis of Oscillatory Events. Oscillatory
events in the sleep EEG were identiﬁed in derivation C3A2
by applying an algorithm published previously [13]. Data
recorded with 256 Hz (3Y and 5Y) were resampled at
128 Hz. Basically, the EEG was modelled as a superposition
of maximal 4 stochastically driven harmonic oscillators with
their damping and frequency varying in time. This was
achieved by ﬁtting an autoregressive model of order 8
[AR(8)-model] to overlapping 1 s segments of the EEG time
series using the sampling interval (1/128 s) as step size. In
previous applications, a step size of 8 samples was applied.
Oscillatory events were detected whenever the damping at
one or more frequencies was smaller than a predeﬁned
threshold (γ ≤ 6.6 s−1; [13]). If 1 s segments corresponding
to distinct events were overlapping in time and frequency,
they were merged into a single event. For a detailed description of the original algorithm and its application to adult
human sleep EEG data, see Olbrich and Achermann [13]
and Olbrich et al. [14, 17]. In the present paper, events were
characterized by their time of occurrence, mean frequency,
and duration.
Detected events in the sleep EEG of one child superimposed on the spectrogram are illustrated in Figure 1(a)
for the three longitudinal recordings (data of all eight children are provided in Supplementary Figures S1–S8 available online at https://doi.org/10.1155/2017/6160959, top
panels). In Figure 2, 10 s epochs of sleep EEG (top) and
examples of detected events (rectangles) are illustrated in
combination with color-coded spectrograms (bottom) estimated using AR(8) models on overlapping 1 s segments.
Previously, events were characterized by the frequency
fevents at the time of minimal damping [13]. Figure 2
shows this frequency (denoted by “x”) together with the
minimal and maximal frequency (height of rectangle),
and the length of the rectangle indicates the duration of
the event.
In a ﬁrst step, we determined histograms of the events
with a frequency bin size of 0.25 Hz (same resolution as for
spectral analysis; Figure 1(b)). Next, we computed the event
ratio (i.e., ratio between the sum of the durations of the
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Figure 1: Spectrograms, oscillatory events (derivation C3A2), and hypnograms of a boy (same child shown in Supplementary Figure S1)
recorded longitudinally at ages 2 years (A), 3 years (B), and 5 years (C). For each recording, the following data are illustrated. (a)—top:
spectrogram and superimposed oscillatory events (black dots). Spectra are color coded on a logarithmic scale (0 dB = 1 μV2/Hz). (b)
Frequency distribution of oscillatory events. (a)—bottom: hypnogram (REMS: REM sleep; LightS: NREM sleep stages 1 and 2; SWS:
NREM sleep stages 3 and 4). The dark blue bar reﬂects a short disconnection of the child.

events in this frequency band divided by the total time in the
particular stage; Figure 3(b); Figures 4 and 5 mean event
ratios of the delta, theta, and sigma bands at three longitudinal time points). The event ratio, combining the duration
and the rate of events, is a robust measure of oscillatory
activity [14].
In addition, we investigated whether speciﬁc oscillatory
events herald the onset of sleep (i.e., the transition from waking to sleep). Sleep onset was operationalized as the ﬁrst
occurrence of stage 2. To track the temporal evolution, data
from lights oﬀ to sleep onset and the ﬁrst 10 min of sleep were
analyzed (Figure 6, oscillatory events (panel (a)) and mean
spectrograms (panel (b)) at the transition into sleep). In the
average across subjects, only the 10 min before sleep onset
was included.
2.4. Further Processing and Statistical Analysis. To investigate developmental trajectories, we examined three
speciﬁc frequency bands in NREM sleep: delta (1.25–
4.0 Hz), theta (4.25–8.0 Hz), and sigma (9.25–13.0 Hz

and 13.25–17.0 Hz) and one band (1.25–5.0 Hz) in rapid
eye movement (REM) sleep. The bands were determined
based on visual assessment of the average power density
spectra and the histograms of the event ratios in each
subject (Figure 3, mean power density spectra (panel a)
and event ratios (panel b); Supplementary Figures S1–S8,
corresponding data of individuals). Because of sweating artifacts in two recordings and the sensitivity of the lowest
frequency bins to artifacts, we excluded frequency bins
up to 1.25 Hz. The longitudinal evolution of events and
power in the speciﬁc frequency bands was assessed with
repeated measures ANOVA (factor “age”). Analyses were
performed for light sleep (LightS; NREM sleep stages 1
and 2), slow-wave sleep (SWS; NREM sleep stages 3 and
4), and REM sleep. Delta events started to slow (i.e., a
decrease in frequency) before sleep onset (Figure 6(a));
two straight lines were ﬁt through the delta/theta events
(2–6 Hz) using their intersection as the start of slowing.
The two lines were optimized to best ﬁt the data (i.e.,
minimal least square error).
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Figure 2: Illustration of single events. For each event, the following data are illustrated: 10 s epoch of EEG data (derivation C3A2) and
spectrogram with the detected events marked by a rectangle. The length of the horizontal rectangle indicates the duration of the event and
its height the minimal and maximal frequency. The cross indicates the frequency fevents at the time of minimal damping. Color-coded
spectrogram estimated using AR(8) models on overlapping 1 s segments (warmer colors denote higher power). Spectrograms start 0.5 s
later and ends 0.5 s earlier due to the fact that a 1 s segment was moved through the data. All data are from children at 3 years. (a) Fast
delta oscillations in REM sleep (same child shown in Supplementary Figure S2); (b) fast delta oscillations in NREM sleep stage 2 (same
child shown in Supplementary Figure S2); (c) theta oscillations in NREM sleep stage 2 (same child shown in Supplementary Figure S4);
and (d) sleep spindles in NREM sleep stage 2 (same child shown in Supplementary Figure S6) are illustrated.

3. Results
All children slept well as indicated by their average high sleep
eﬃciency [total sleep time as percentage of time in bed; 2Y:
99.2 ± 1.9 (SEM) %; 3Y: 96.4 ± 3.0%; 5Y: 95.9 ± 2.3%]. Average sleep duration was 10.3 ± 0.4 (SEM; 2Y), 10.4 ± 0.8 (3Y),
and 10.2 ± 0.4 hours (5Y). The sleep structure of a representative boy at each longitudinal assessment is illustrated in
hypnograms (Figure 1).
Oscillatory events detected in the sleep EEG are superimposed on the corresponding spectrogram (Figure 1, Supplementary Figures S1–S8, top panels) for the three longitudinal
recordings. Events occurred mainly in delta, theta, and sigma
bands. Individual summary data (average power density spectra and event ratio histograms) are illustrated in Supplementary Figures S1–S8 (bottom panels).
Figure 2 exempliﬁes 10 s epochs of sleep EEG
(Figures 2(a), 2(b), 2(c), and 2(d) top) and detected events
(rectangles) in combination with color-coded spectrograms
(Figures 2(a)–2(d), bottom). Figure 3 illustrates mean power

density spectra and event ratios of REM sleep, LightS, and
SWS at the three longitudinal time points (corresponding
data of individuals are depicted in Figures S1–S8, bottom
panels). Figures 4 and 5 depict the longitudinal evolution
of mean power and event ratios of the delta, theta, and
sigma bands. In Figure 6, oscillatory events (panel (a))
and mean spectrograms (panel (b)) at the transition into
sleep (10 min prior to and after sleep onset) are
illustrated. In the following, results are described in a
frequency and state-speciﬁc manner.
3.1. Delta Oscillations/Power (1.25–4 Hz) in NREM Sleep.
Oscillatory events in the delta range were observed during
LightS, SWS, and even in REM sleep (Figures 1 and 3;
Supplementary Figures S1–S8). Events occurred most
prominently during SWS (Figures 3 and 4) and were paralleled by high power in the corresponding frequency
range. The peaks in the mean event ratio around 2 Hz
(LightS) and 1.5 Hz (SWS) were not reﬂected in the mean
spectrum. Visual inspection of the whole night
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Figure 3: (a) Mean (n = 8) power density spectra (geometric mean) and (b) event ratios of REM sleep (REMS), light sleep (LightS, NREM sleep
stages 1 and 2), and slow-wave sleep (SWS, NREM sleep stages 3 and 4) recorded longitudinally at 2 (blue), 3 (red), and 5 years (orange) of age.
The insets in the event ratios are a zoom into the 8–18 Hz range, and the frequency axis of inset and main plot do correspond (e.g., 10 Hz is at the
same location in both plots). For a statistical assessment of the longitudinal changes in speciﬁc frequency bands, see Figure 4.

spectrogram with the superimposed events (Figure 1 and
Figures S1–S8, top) shows the slow waves below 2 Hz in
addition to many “fast” delta events forming a band
between 2 and 4 Hz in LightS and ranging up to 5 Hz in
REM sleep (Figure 3 and Figures S1–S8, bottom).
Figure 2 illustrates such events (10 s epochs of sleep EEG
and spectrograms with the detected events marked by a
rectangle), occurring during REM sleep and LightS. “Fast”
delta events were also evident prior to sleep onset (see
below; Figure 6). Both power and event ratios in the delta
range decreased during the investigated developmental
period during LightS and SWS (Figure 4).
3.2. Theta Oscillations/Power (4.25–9 Hz) in NREM Sleep.
Oscillatory activity in the theta frequency range (bursts
of theta activity; Figure 2(c)) was present most strongly
at the beginning of sleep and declined during its nighttime
course (Figure 1 and Figures S1–S8). In the mean power
spectrum, a peak at 5 Hz was observed in all sleep stages

(Figure 3) that also appeared in the individual power spectra albeit with varying strength and slight variation of frequency (Figures S1–S8, bottom panels). A corresponding
peak in the event ratios was observed in LightS only at
2Y and for all ages in SWS. A reduction in theta activity
occurred with increasing age (Figures 3 and 4) for events
during both LightS and SWS and for power during LightS
only (for REM sleep see below).
3.3. Spindles/Sigma Activity (9.25–13 and 13.25–17 Hz) in
NREM Sleep. Events in the sigma range were rare, although
a clear band of activity in this frequency band was evident
in the spectrogram (Figure 1; Supplementary Figures S1–S
8). This activity was also reﬂected by a peak in the power
density spectra, particularly during LightS (Figure 3).
The spectrogram clearly indicates the presence of sleep
spindles (Figure 2(d)). Generally, due to the larger EEG amplitude compared to adult EEG, sleep spindles are less clearly visible in the raw signal. They became more pronounced at 5Y but
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Figure 4: Mean power (log10) and event ratios of three frequency bands (delta 1.25–4.0 Hz; theta 4.25–8 Hz; and sigma 9.25–13.0 and 13.25–
17.0 Hz) at three longitudinal time points (2, 3, and 5 years of age) to illustrate the developmental change in NREM sleep. Light sleep (LightS:
NREM sleep stages 1 and 2) and slow-wave sleep (SWS: NREM sleep stages 3 and 4) were analyzed. Dashed lines and the diﬀerent symbols
illustrate individual children and the black squares and lines average data (n = 8). Arrows indicate the direction of signiﬁcant (p < 0 05) agedependent changes (repeated measures ANOVA factor “age”).

were still less clearly evident than in the adult sleep EEG. Classically, a distinction between fast (12–14) and slow (10–12 Hz)
spindles is made [18–20]. Two corresponding peaks in the
mean power spectrum were observed in only two children

(see Supplementary Figures S1 and S5). Therefore, we did not
employ this distinction in our analysis.
One child (Figures 1 and S1; subject A) showed “ultrafast” spindle events (≥15 Hz) at 2Y that diminished with
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increasing age and occurred primarily during SWS. Such
“ultrafast” spindles were also observed as isolated events in
most other children (see Supplementary Figures). For example, subject F showed a clear peak (≈15 Hz) in spectral power
in SWS at 2Y (Figure S6), whereas child D (Figures S4) exhibited fast spindles in the “classical” fast frequency range, which
behave more like the “ultrafast” events observed mainly during SWS and diminishing with increasing age.
To diﬀerentiate between ultrafast and more classically
deﬁned spindle events, we divided the spindle frequency
band into “regular”: 9.25–13.0 and “ultrafast”: 13.25–
17.0 Hz for statistical analysis. In the “regular” spindle band,
we found a signiﬁcant developmental increase in spectral
power during LightS and SWS, while an increase in the spindle event ratio was signiﬁcant only in LightS. Only a few subjects showed a substantial amount of events in the “ultrafast”
range, thus no signiﬁcant change of the event ratios was
observed; however, for those children who exhibited these
events, their event ratios decreased with increasing age
(Figure 4). The observed increase in spectral power (signiﬁcant in SWS) can be explained by a spillover from the “regular” spindle peak (see Discussion).
3.4. Delta/Theta Oscillations/Activity (1.25–5.0 Hz) in REM
Sleep. The occurrence of events in the 1.25–5.0 Hz range during REM sleep is evident as shown in Figures 1 and 3 and
Supplementary Figures S1–S8. These events in the high
delta/low theta range were most prominent at 2Y and
decreased across development (Figure 5(b)). The average
event ratio showed a clear peak around 2.5 Hz, while the
mean power density spectra exhibited only a small bump at
2.5 Hz but then a more pronounced peak at 5 Hz (Figure 3).
Nevertheless, power in this frequency range decreased across
age (Figure 5(a)).
3.5. Transition to Sleep (Sleep Onset). We investigated the
process of sleep onset (Figure 6). Sleep onset was operationalized as the ﬁrst occurrence of stage 2; we analyzed data
10 min prior to and after sleep onset (±20 30 s epochs).

Oscillatory events were pooled across the eight children;
sleep stages were “averaged” (Figure 6(a)) by ﬁrst determining whether at least half of the children were awake. If yes,
wake was assigned as the average stage. If the majority of children were in NREM sleep, the rounded average of the NREM
sleep stages (values 1 to 4) was assigned as the average stage.
The spectrograms were then averaged (Figure 6(b)).
Average latency to stage 1 was 10.8 ± 2.1 (SEM; 2Y),
13.7 ± 1.3 (3Y), and 14.7 ± 2.9 min (5Y) and to stage 2
(sleep onset) was 12.1 ± 2.2 (SEM; 2Y), 15.7 ± 1.1 (3Y),
and 16.4 ± 3.0 min (5Y). No age-dependent diﬀerences in
sleep latencies were observed.
Alpha events (8–10 Hz) were present throughout waking
and disappeared with the onset of stage 1 (Figure 6(a)).
Delta/theta events (2–6 Hz) were observed in waking several
minutes before sleep onset. With increasing age, these events
appeared closer to sleep onset and slowed shortly before the
onset of stage 1. The slowing (see Methods) started 19.8 s
(SEM; 2Y), 54.0 s (3Y), and 67.4 s (5Y) or 1-2 epochs before
the occurrence of the ﬁrst epoch of stage 1. After sleep onset,
delta events continued to decrease in frequency. Delta
(around 4 Hz) and alpha (around 9 Hz) activities were also
visible in the spectrograms. Sleep spindles (around 10 and
14 Hz) appeared only about 1 min after sleep onset and were
barely visible in the spectrograms (Figure 6(b)).

4. Discussion
In this longitudinal study, we examined developmental
changes in oscillatory events and power density spectra of
the NREM and REM sleep EEG in children ages 2Y, 3Y,
and 5Y. Overall, we observed a decrease of spectral power
and event ratios in the delta/theta range and an increase in
the sigma frequency range with increasing age. Moreover,
we found that speciﬁc oscillations disappeared (theta bursts
and “ultrafast” spindles) while other ones emerged (“regular”
spindles) across the preschool-age years. Similar to adults,
large interindividual diﬀerences were present thus suggesting
that developmental changes in EEG sleep oscillations are not
consistently pronounced in all children.
4.1. Methodological Aspects. In contrast to standard methods
for detecting sleep oscillations, such as those used to identify
slow waves (e.g., [21, 22]) or sleep spindles (for a review see
[18]), our method does not use predeﬁned frequency bands
and is therefore better suited to address large variability in
the incidence and frequencies of sleep oscillations across
individuals. Moreover, this approach allows observation of
“nonstandard” oscillations such as the “ultrafast” spindle
events in NREM sleep (Figures 1 and 3) or the delta/theta
events in REM sleep (Figure 3). Our event detection provides
information complementary to spectral analysis, which is
usually applied on longer time scales (here for 30 s segments)
compared to 1 s for the event analysis, making it especially
sensitive to the variability of the spectral power on shorter
time scales. For instance, spectral analysis as an approach
does not distinguish between diﬀuse oscillatory activity and
clearly visible temporally localized burst-like oscillations.
Additionally, the event analysis relies on a diﬀerent

8

Neural Plasticity
3Y

2Y

5Y

SO

SO

SO

W

20

R

16

1

12

2

8

Stages

Frequency (Hz)

24

3

4

4

0

(a)

Frequency (Hz)

24

SO

SO

38 dB

SO

20
16
12
8
4
0

−15 −10 −5

0
Epoch

5

10

15

−15 −10 −5

0
Epoch

5

10

15

−15 −10 −5

0

5

10

15

‒4 dB

Epoch

(b)
Figure 6: Oscillatory events and spectrograms at the transition into sleep, 10 min prior to and after sleep onset (±20 30 s epochs). Sleep onset
was deﬁned as the ﬁrst occurrence of stage 2. (a) Occurrence of oscillatory events (frequency axis on left) pooled across the eight children
superimposed on average sleep stages (axis on right; W: waking; R: REM sleep; 1–4: NREM sleep stages 1–4). (b) Average
spectrograms (n = 8). Spectra are color coded on a logarithmic scale (0 dB = 1 μV2/Hz).

decomposition of spectral power. Spectral analysis does not
provide information about the origin of the spectral power
in a speciﬁc frequency band, while the event analysis is based
on modeling by stochastically driven oscillators or relaxators
with each of them producing a more or less broad peak in the
power density spectrum. For example, the value of the power
in the theta band does not reveal whether this power originates from damped delta oscillations, theta oscillations, or
alpha oscillations.
4.2. Delta Oscillations/Power in NREM Sleep. Event ratios
and power in the delta range during LightS and SWS
showed a developmental decline as measured by a reduction in slow waves and “fast” delta oscillations (2–4 Hz).
“Fast” delta oscillations were also a marker for the transition into sleep (see discussion below). These ﬁndings
complement our previous work showing a similar decrease
in SWA during afternoon naps in the same early childhood cohort [23] and extend published data revealing that
a decline in the level of nighttime SWA continues during
adolescence [24–26]. Additionally, our prior results from
the same preschool-age sample showed a developmental
increase in EEG coherence (a measure reﬂecting longrange functional connectivity) in the low delta range
(0.8–2 Hz) within the left and right hemispheres [10],
and in a diﬀerent sample, we found that coherence of
low delta activity increased over adolescence and into early
adulthood [11]. Taken together, our current results add to
the growing body of longitudinal and cross-sectional data
suggesting that the ﬁrst two decades of life are sensitive
developmental windows during which the brain undergoes

major reorganization as reﬂected in not only SWA but
also in sleep oscillatory events [24].
“Fast” delta oscillations (>2 Hz) likely have two diﬀerent generating components, originating in the cortex and/
or in the thalamus [9]. Our ﬁndings may suggest a speciﬁc
functional role of “fast” delta oscillations that warrants
further investigation.
4.3. Delta/Theta Oscillations in REM Sleep. Establishing a
clear border between the delta and theta frequency
bands is diﬃcult, especially during periods of rapid
developmental change in the sleep EEG. In REM sleep,
“bands” of oscillatory events with frequencies up to
5 Hz were observed, and fast delta/low theta events were
also present in REM sleep and decreased with increasing
age. The emergence of this activity was previously
reported to occur between 12 and 24 months of age
[27]. Such events were also observed with our approach
in REM sleep of young adults [12, 13]. An example of a
delta event in REM sleep is provided in Figure 2(a).
Part of the observed delta/theta oscillations may resemble bursts of sawtooth waves occurring in REM sleep
in children [28] and adults [29, 30] or bursts of notched
theta activity [28, 31]. Our event density at 2Y was
higher than those reported in young adults [29] and
approached the magnitude of young adults by 5Y. In
young healthy adults, bursts of sawtooth waves are
associated with rapid eye movements, and it has been
speculated that they may be related to ponto-geniculooccipital (PGO) spikes originating in the pons [30].
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4.4. Theta Oscillations/Power in NREM Sleep. Theta oscillations occurred in bursts (Figure 2) in many children in our
study. These types of oscillations were not previously
observed in adults [12, 13]; thus, we speculate that bursts of
theta oscillations are unique to early childhood and diminish
during the course of this developmental stage. Additionally,
we found a decline of theta activity in NREM SWS sleep that
was most pronounced for event density in all children
(Figure 4). This ﬁnding extends our previously published
data indicating a developmental decline of theta power during afternoon and evening naps in the same longitudinal
cohort of children [23]. In this analysis, we also observed a
developmental decrease in theta power during LightS. Theta
activity, in particular at 2Y during LightS, may also be related
in part to postarousal hypersynchrony, a distinctive arousal
pattern characterized by bursts of 3.0–4.5 Hz with amplitudes
of 75 to 350 μV [28].
4.5. Spindles/Sigma Activity. In adults, one of the most
prominent oscillatory events are sleep spindles, which are
observed in the 11–15 Hz frequency range. Many
researchers distinguish between slow spindles below
12 Hz that occur more frontally in comparison to those
that are observed more centrally with a frequency around
14 Hz [19, 32]. In adults, the frequencies of slow and fast
spindles vary between subjects and as a function of sleep
cycle and sleep stage [13, 33]. Activity in the spindle frequency range exhibits a U-shaped time course within
NREM sleep episodes [33]. In our sample, we detected
very few spindles at 2Y and 3Y, although the spindle frequency band was already visible in the spectrogram
(Figure 1; Supplementary Figures S1–S8). Both the number
of spindles (reﬂected in the event ratio) and sigma power
increased signiﬁcantly between 2Y and 5Y. In the same
cohort, a similar age-dependent increase in sigma power
was also observed during naps [23], and coherence in
the spindle band showed both an intra- and interhemispheric increase across early childhood [10].
An interesting observation in our subjects was the occurrence of “ultrafast” spindles. Although not present in all children, these oscillatory events exhibited similar properties
across subjects, which clearly distinguished them from “normal” spindles in several ways: (i) they occurred in deep sleep
with the same or even higher event ratios than in LightS
(Figure 4); (ii) the event ratio declined with age; and (iii)
the corresponding oscillatory events occurred outside the
“normal” sigma frequency band at higher frequencies as
shown in Figures S1–S8. For some children, one could even
consider these ultrafast spindles as a distinct frequency band
(Figure 1). The observed signiﬁcant developmental increase
in spectral power in the 13.25–17.0 Hz range (Figure 4) contradicts an age-dependent decrease of “ultrafast” spindles;
however, spectral power is a less local measure in frequency
space. Increasing power of the spindle peak(s) between 11
and 13 Hz will also lead to increased spectral power in the
neighboring higher frequency bands. Moreover, we cannot
exclude that the observed increase in spectral power is due
to an unspeciﬁc increase of power above approximately
10 Hz (e.g., subject A, Figure S1).

9
Sleep spindles are a thalamocortical phenomenon. They
are generated in the thalamus (reticular nucleus), but the cortical network is involved in their onset and contributes to
their termination [34]. Diﬀerent levels of thalamocortical
hyperpolarization may determine spindle frequency, and
thalamocortical projections may be responsible for regional
diﬀerences in spindle characteristics [35]. Furthermore, a
recent pharmacological study in humans indicated that different generating mechanisms might underlie fast and slow
spindles [36]. How this applies in early childhood remains
an open question; however, our results suggest that considerable thalamocortical remodeling/restructuring may occur
during early childhood development.
Results from a number of recent studies indicate that
spindle characteristics and sigma activity may be markers
of cognitive ability. For example, in school-age children, relative sigma power is positively associated with full scale and
ﬂuid IQ but not verbal IQ, working memory, and speed of
processing [37]. Although less is known about such links in
early childhood, our recently published data showed that
young children with greater slow sigma power in the parietal
region had faster processing speeds [38], and in another
study, spindle density during afternoon naps was associated
with memory performance in habitually napping preschoolers [39]. Whether the maturational trajectories of
spindle characteristics and sigma activity correspond to
developing cognitive abilities in early childhood remains an
area of rich investigation.
Our present ﬁndings extend those from our recently published paper examining early developmental changes in sleep
spindle characteristics in the same cohort [15] using a diﬀerent approach (i.e., band pass ﬁltered EEG with passband corner frequencies of 11–15 Hz and stopband corner frequencies
of 10 and 16 Hz). In the present analysis, we employed an
automatic algorithm that does not rely on predeﬁned frequency bands. Instead, here, we established the frequency
bands based on the frequency distribution of the detected
events, leading to a more narrow band between 9.25 and
13.0 Hz for “regular” spindles and a distinct frequency range
for the “ultrafast” spindles (13.25–17.0 Hz), which exhibited
a decreasing event ratio with age in some children. McClain
et al. [15] observed a developmental increase in spindle duration, while spindle density did not show a similar age-related
trajectory. In the present analysis, we examined only the
event ratio, which combines density and duration. Although
the observed increase of the event ratio with age is consistent
with the results of McClain et al. [15], visual inspection of
Figure 1 and Figures S1–S8 shows that the event density of
the “regular” spindles also increases with age. In contrast,
McClain et al. [15] reported an almost constant event density
across all age groups, meaning that they detected spindles in
the younger age groups (2Y and 3Y), which were not detected
with the present approach. Furthermore, “ultrafast” spindles
were not observed by McClain et al. [15]. These study discrepancies suggest the need for a more detailed analysis at
the level of single events.
4.6. Transition into Sleep. Sleep onset may be operationalized
in various ways. The ﬁrst epoch other than
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wakefulness—typically stage 1—is often considered the time
of sleep onset [16, 31, 40]. Here, we deﬁned the occurrence
of stage 2 as sleep onset [41, 42]. We believe that this
approach results in a more reliable boundary between wakefulness and sleep [41, 42] and considers stage 1 as part of the
transition into sleep [43].
Our data showed that delta/theta events (2–6 Hz) herald the transition into sleep. These events, however, were
present already during waking several minutes before sleep
onset, highlighting that the transition into sleep is a gradual process. Delta oscillations started to appear closer to
sleep onset with increasing age but still before the onset
of stage 1. Furthermore, they began to slow (i.e., became
lower in frequency) approximately 2 epochs (50 s) before
the ﬁrst occurrence of stage 1. Alpha events disappeared
with the onset of stage 1 sleep, whereas sleep spindles only
appeared approximately three epochs after stage 2 was
scored. Thus, the slowing of delta events and the disappearance of alpha events most clearly indicated the transition into sleep. This is in line with the observations that
drowsiness in children at the age of about 3 years is
accompanied by the appearance of diﬀuse low voltage
activity (20–80 μV) intermixed with delta and theta activity [28]. Over 5 decades ago, Gibbs and Gibbs [20]
reported a steady slow activity (Figure 37 in [20], most
prominent at age 1 year; observed up to 9 years of age)
and paroxysmal slow activity (most prominent in 3 to 4
years old) during drowsiness. Taken together, these observations indicate that fast delta events occurring before
stage 1 may be a sign of microsleep episodes.
4.7. Limitations. Although we used a well-controlled protocol and studied children longitudinally, several limitations should be discussed. First, our study design did not
allow napping on the day of overnight sleep recordings
during a developmental period in early childhood that is
characterized by a transition from a biphasic to a monophasic sleep-wakefulness pattern. Thus, children assessed
at younger ages (2Y and 3Y) likely accumulated a higher
level of sleep pressure across the waking day than those
at age 5Y, a time when none of the participants still
napped [44]. The analyzed sleep recordings therefore do
not represent true baseline conditions, and the developmental trajectories of delta and spindle activity as well as
sleep onset might have been inﬂuenced by diﬀerent levels
of sleep pressure. Nonetheless, sleep latencies were not
signiﬁcantly diﬀerent across the 3 ages; therefore, we
assume that sleep pressure did not substantially aﬀect
our observed developmental trajectories. Second, our
analyses were based on a small homogenous sample of
healthy, good-sleeping children, which limits the generalizability of our ﬁndings. Third, our analyses were restricted
to a central EEG derivation. Based upon recent data,
frequency-speciﬁc regional aspects of maturational changes
exist (e.g., [45, 46]), thus suggesting topographic analysis
as a rich approach in future investigations. Finally, one
disadvantage of the applied method to detect oscillatory
events is that it is not well suited to identify and characterize slow oscillations with frequencies around 1 Hz and
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below due to the use of segments of 1 s duration; however,
using longer segments would deteriorate the temporal
resolution of the method, as detailed in [13, 14].

5. Conclusion
In this longitudinal study, we found early developmental
changes in several oscillatory events in the sleep EEG as well
as large interindividual diﬀerences in delta, theta, and
spindle-like oscillations. Collectively, our data suggest that
delta and spindle oscillations reﬂect maturational changes
occurring in the thalamocortical system during early childhood. Whether early changes in oscillatory events are
paralleled by children’s maturing cognitive capabilities is an
area of rich future investigation that may shed light on the
underlying neurophysiological substrates and pathways that
contribute to variability in the brain and behavioral functioning in the early years of life.

Disclosure
The paper is an extended version of a contribution presented
at the European Sleep Research conference 2014 in Tallinn
(EST); see [47] for the abstract.

Conflicts of Interest
The authors declare no competing ﬁnancial interests.

Authors’ Contributions
Monique K. LeBourgeois and Peter Achermann shared the
last authorship.

Acknowledgments
The authors thank Dr. Leila Tarokh for fruitful discussions.
This work would not have been possible without the assistance of Brown University undergraduate students, laboratory research assistants, and study parents and children
who dedicated their time and eﬀort. The study was supported by grants from the National Institute of Mental
Health (K01-MH74643, R01-MH086566) to Monique K.
LeBourgeois and the Swiss National Science Foundation
(32003B_146643) to Peter Achermann.

References
[1] M. Ringli and R. Huber, “Developmental aspects of sleep slow
waves: linking sleep, brain maturation and behavior,” Progress
in Brain Research, vol. 193, pp. 63–82, 2011.
[2] B. A. Geering, P. Achermann, F. Eggimann, and A. A. Borbély,
“Period-amplitude analysis and power spectral analysis: a
comparison based on all-night sleep EEG recordings,” Journal
of Sleep Research, vol. 2, no. 3, pp. 121–129, 1993.
[3] P. Y. Ktonas and A. P. Gosalia, “Spectral analysis vs. periodamplitude analysis of narrowband EEG activity: a comparison
based on the sleep delta-frequency band,” Sleep, vol. 4, no. 2,
pp. 193–206, 1981.

Neural Plasticity
[4] P. Y. Ktonas, S. Golemati, P. Xanthopoulos et al., “Timefrequency analysis methods to quantify the time-varying
microstructure of sleep EEG spindles: possibility for
dementia biomarkers?” Journal of Neuroscience Methods,
vol. 185, no. 1, pp. 133–142, 2009.
[5] D. C. Dean 3rd, J. O'Muircheartaigh, H. Dirks et al., “Modeling
healthy male white matter and myelin development: 3 through
60months of age,” NeuroImage, vol. 84, no. 1, pp. 742–752, 2014.
[6] D. C. Dean 3rd, J. O'Muircheartaigh, H. Dirks et al., “Characterizing longitudinal white matter development during early
childhood,” Brain Structure & Function, vol. 220, no. 4,
pp. 1921–1933, 2015.
[7] S. Kurth, M. Ringli, M. K. Lebourgeois et al., “Mapping the
electrophysiological marker of sleep depth reveals skill maturation in children and adolescents,” NeuroImage, vol. 63,
no. 2, pp. 959–965, 2012.
[8] I. Timofeev, “Neuronal oscillations in the thalamocortical system during sleeping and waking states,” in Sleep and Brain
Activity, M. G. Frank, Ed., pp. 1–21, Academic Press, 2012.
[9] I. Timofeev and M. Bazhenov, “Mechanisms and biological
role of thalamocortical oscillations,” in Trends in Chronobiology Research, F. Columbus, Ed., pp. 1–47, Nova Science Publishers, Inc., 2006.
[10] S. Kurth, P. Achermann, T. Rusterholz, and M. K. Lebourgeois,
“Development of brain EEG connectivity across early childhood: does sleep play a role?” Brain Sciences, vol. 3, no. 4,
pp. 1445–1460, 2013.
[11] L. Tarokh, M. A. Carskadon, and P. Achermann, “Developmental changes in brain connectivity assessed using the sleep
EEG,” Neuroscience, vol. 171, no. 2, pp. 622–634, 2010.
[12] E. Olbrich and P. Achermann, “Oscillatory events in the
human sleep EEG - detection and properties,” Neurocomputing, vol. 58-60, pp. 129–135, 2004.
[13] E. Olbrich and P. Achermann, “Analysis of oscillatory patterns
in the human sleep EEG using a novel detection algorithm,”
Journal of Sleep Research, vol. 14, no. 4, pp. 337–346, 2005.
[14] E. Olbrich, H. P. Landolt, and P. Achermann, “Eﬀect of
prolonged wakefulness on electroencephalographic oscillatory
activity during sleep,” Journal of Sleep Research, vol. 23, no. 3,
pp. 253–260, 2014.
[15] I. J. McClain, C. Lustenberger, P. Achermann, J. M. Lassonde,
S. Kurth, and M. K. LeBourgeois, “Developmental changes in
sleep spindle characteristics and sigma power across early
childhood,” Neural Plasticity, vol. 2016, Article ID 3670951,
9 pages, 2016.
[16] A. Rechtschaﬀen and A. Kales, A Manual of Standardized Terminology, Techniques and Scoring System for Sleep Stages of
Human Subjects, National Institutes of Health, 1968.
[17] E. Olbrich, J. C. Claussen, and P. Achermann, “The multiple
time scales of sleep dynamics as a challenge for modelling
the sleeping brain,” Philosophical Transactions of the Royal
Society of London A: Mathematical, Physical and Engineering
Sciences, vol. 369, no. 1952, pp. 3884–3901, 2011.
[18] D. Coppieters ‘t Wallant, P. Maquet, and C. Phillips, “Sleep
spindles as an electrographic element: description and
automatic detection methods,” Neural Plasticity, vol. 2016,
Article ID 6783812, 19 pages, 2016.
[19] L. D. Gennaro and M. Ferrara, “Sleep spindles: an overview,”
Sleep Medicine Reviews, vol. 7, no. 5, pp. 423–440, 2003.
[20] F. A. Gibbs and E. L. Gibbs, Atlas of Electroencephalography,
Addison-Wesley Press, Inc., 1950.

11
[21] M. Massimini, R. Huber, F. Ferrarelli, S. Hill, and G. Tononi,
“The sleep slow oscillation as a traveling wave,” The Journal
of Neuroscience, vol. 24, no. 31, pp. 6862–6870, 2004.
[22] M. Mölle, L. Marshall, S. Gais, and J. Born, “Grouping of
spindle activity during slow oscillations in human non-rapid
eye movement sleep,” The Journal of Neuroscience, vol. 22,
no. 24, pp. 10941–10947, 2002.
[23] S. Kurth, J. M. Lassonde, L. A. Pierpoint et al., “Development
of nap neurophysiology: preliminary insights into sleep regulation in early childhood,” Journal of Sleep Research, vol. 25,
no. 6, pp. 646–654, 2016.
[24] A. Buchmann, M. Ringli, S. Kurth et al., “EEG sleep slow-wave
activity as a mirror of cortical maturation,” Cerebral Cortex,
vol. 21, no. 3, pp. 607–615, 2011.
[25] O. G. Jenni and M. A. Carskadon, “Spectral analysis of the
sleep electroencephalogram during adolescence,” Sleep,
vol. 27, no. 4, pp. 774–783, 2004.
[26] L. Tarokh and M. A. Carskadon, “Developmental changes in
the human sleep EEG during early adolescence,” Sleep,
vol. 33, no. 6, pp. 801–809, 2010.
[27] M. Sankupellay, S. Wilson, H. S. Heussler, C. Parsley, M. Yuill,
and C. Dakin, “Characteristics of sleep EEG power spectra in
healthy infants in the ﬁrst two years of life,” Clinical Neurophysiology, vol. 122, no. 2, pp. 236–243, 2011.
[28] M. Grigg-Damberger, D. Gozal, C. L. Marcus et al., “The visual
scoring of sleep and arousal in infants and children,” Journal of
Clinical Sleep Medicine, vol. 3, no. 2, pp. 201–240, 2007.
[29] P. L. Pearl, B. J. LaFleur, S. C. Reigle et al., “Sawtooth wave
density analysis during REM sleep in normal volunteers,”
Sleep Medicine, vol. 3, no. 3, pp. 255–258, 2002.
[30] M. Takahara, S. Kanayama, and T. Hori, “Co-occurrence of
sawtooth waves and rapid eye movements during REM sleep,”
International Journal of Bioelectromagnetism, vol. 11, no. 3,
pp. 144–148, 2009.
[31] C. Iber, S. Ancoli-Israel, A. Chesson, and S. F. Quan, The
AASM Manual for the Scoring of Sleep and Associated
Events: Rules, Terminology and Technical Speciﬁcations,
American Academy of Sleep Medicine, Westchester, IL, 1st
edition, 2007.
[32] B. C. Clawson, J. Durkin, and S. J. Aton, “Form and function of
sleep spindles across the lifespan,” Neural Plasticity, vol. 2016,
Article ID 6936381, 16 pages, 2016.
[33] S. L. Himanen, J. Virkkala, H. Huhtala, and J. Hasan, “Spindle
frequencies in sleep EEG show U-shape within ﬁrst four
NREM sleep episodes,” Journal of Sleep Research, vol. 11,
no. 1, pp. 35–42, 2002.
[34] I. Timofeev and S. Chauvette, “The spindles: are they still thalamic?” Sleep, vol. 36, no. 6, pp. 825-826, 2013.
[35] T. Andrillon, Y. Nir, R. J. Staba et al., “Sleep spindles in
humans: insights from intracranial EEG and unit recordings,”
The Journal of Neuroscience, vol. 31, no. 49, pp. 17821–17834,
2011.
[36] A. Ayoub, D. Aumann, A. Horschelmann et al., “Diﬀerential eﬀects on fast and slow spindle activity, and the
sleep slow oscillation in humans with carbamazepine
and ﬂunarizine to antagonize voltage-dependent Na+
and Ca2+ channel activity,” Sleep, vol. 36, no. 6,
pp. 905–911, 2013.
[37] A. Geiger, R. Huber, S. Kurth, M. Ringli, O. G. Jenni, and P.
Achermann, “The sleep EEG as a marker of intellectual ability
in school age children,” Sleep, vol. 34, no. 2, pp. 181–189, 2011.

12
[38] M. R. Doucette, S. Kurth, N. Chevalier, Y. Munakata, and M.
K. LeBourgeois, “Topography of slow sigma power during
sleep is associated with processing speed in preschool children,” Brain Sciences, vol. 5, no. 4, pp. 494–508, 2015.
[39] L. Kurdziel, K. Duclos, and R. M. Spencer, “Sleep spindles in
midday naps enhance learning in preschool children,” Proceedings of the National Academy of Sciences of the United
States of America, vol. 110, no. 43, pp. 17267–17272, 2013.
[40] M. A. Carskadon, W. C. Dement, M. M. Mitler, T. Roth, P. R.
Westbrook, and S. Keenan, “Guidelines for the multiple sleep
latency test (MSLT): a standard measure of sleepiness,” Sleep,
vol. 9, no. 4, pp. 519–524, 1986.
[41] L. D. Gennaro, M. Ferrara, and M. Bertini, “The boundary
between wakefulness and sleep: quantitative electroencephalographic changes during the sleep onset period,” Neuroscience,
vol. 107, no. 1, pp. 1–11, 2001.
[42] M. Ferrara and L. D. Gennaro, “Going local: insights from
EEG and stereo-EEG studies of the human sleep-wake cycle,”
Current Topics in Medicinal Chemistry, vol. 11, no. 19,
pp. 2423–2437, 2012.
[43] R. D. Ogilvie, “The process of falling asleep,” Sleep Medicine
Reviews, vol. 5, no. 3, pp. 247–270, 2001.
[44] O. G. Jenni and M. K. LeBourgeois, “Understanding sleepwake behavior and sleep disorders in children: the value of a
model,” Current Opinion in Psychiatry, vol. 19, no. 3,
pp. 282–287, 2006.
[45] C. J. Chu, J. Leahy, J. Pathmanathan, M. A. Kramer, and S. S.
Cash, “The maturation of cortical sleep rhythms and networks
over early development,” Clinical Neurophysiology, vol. 125,
no. 7, pp. 1360–1370, 2014.
[46] L. Novelli, A. D'Atri, C. Marzano et al., “Mapping changes in
cortical activity during sleep in the ﬁrst 4 years of life,” Journal
of Sleep Research, vol. 25, no. 4, pp. 381–389, 2016.
[47] E. Olbrich, M. K. LeBourgeois, and P. Achermann, “Developmental changes in sleep oscillations during early childhood,”
Journal of Sleep Research, vol. 23, Supplement 1, p. 19, 2014.

Neural Plasticity

Sleep Disorders
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Stroke
Research and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

International Journal of

Alzheimer’s Disease
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Depression Research
and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Research and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

International Journal of

Brain Science

Scientifica
Hindawi Publishing Corporation
http://www.hindawi.com

Schizophrenia

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Submit your manuscripts at
https://www.hindawi.com

Autism

Neural Plasticity

Research and Treatment
Hindawi Publishing Corporation
http://www.hindawi.com

Computational and
Mathematical Methods
in Medicine
Hindawi Publishing Corporation
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Neurology
Research International
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Psychiatry
Journal

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Cardiovascular Psychiatry
and Neurology
Volume 2014

Neuroscience
Journal

Journal of

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Parkinson’s
Disease

Neurodegenerative
Diseases
Hindawi Publishing Corporation
http://www.hindawi.com

Epilepsy Research
and Treatment

Volume 2014

BioMed
Research International
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

