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ABSTRACT: The aim of the present study was to estimate slow-wave activity (SWA), a marker of

sleep homeostasis, in children with obstructive sleep apnoea (OSA) before and after

adenotonsillectomy (AT) compared with untreated OSA children (comparison group).

14 children with OSA (mean¡SD age 6.4¡2.5 yrs; apnoea–hypopnoea index (AHI)

10.0¡10.3 events?h-1) who underwent AT were consecutively recruited to the study. The

comparison group comprised six retrospectively recruited children (age 5.4¡2.2 yrs; AHI

9.4¡7.6 events?h-1) with OSA that did not undergo treatment. Electroencephalogram (derivation

C3/A2) was analysed using spectral and waveform analysis to determine SWA energy and slow-

wave slope. The same procedure was repeated 5.4 and 19 months later for the AT and comparison

groups, respectively.

AT improved respiration without a change in duration of sleep stages. Following AT, .50%

elevation of SWA during the first two sleep cycles (p,0.01) and a more physiological decay of

SWA across the night (p,0.0001) were noted. The slow-wave slope increased by .30% following

AT (p,0.03). No significant changes were found in SWA in the comparison group.

Sleep homeostasis is considerably impaired in pre-pubescent children with OSA. AT restores

more physiological sleep homeostasis in children with OSA. SWA analysis may provide a useful

addition to standard sleep-stage analyses in children with OSA.
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O
bstructive sleep apnoea (OSA) is a
common condition with an estimated
prevalence of 1–3%. The most common

cause of OSA in children is adenotonsillar hyper-
trophy; thus, adenotonsillectomy (AT) is the treat-
ment of choice. Following AT, the majority of
children with OSA will have improvement in
neurobehavioural function and growth [1–4], and
a decrease in healthcare utilisation. [5]

Although paediatric OSA causes substantial neuro-
behavioural morbidity, at least in part through
sleep fragmentation, previous comparative poly-
somnography (PSG) data have revealed no con-
sistent PSG differences following AT [1, 4, 6, 7].
Some studies demonstrated improvement in sleep
efficiency, decreased stage 1 sleep and increased
slow-wave sleep (SWS) [2, 8, 9]. Studies exploring
distributions of contiguous sleep duration follow-
ing AT also found no consistent findings. TAL et al.
[1] reported no changes in cumulative median
duration of sleep stages after AT, while others
found some changes, mainly in stage 2 [10]. The

cumulative data on the effect of AT on sleep stages
using traditional PSG scoring are too small to carry
the obvious consistent improvement in clinical,
neurocognitive, growth and endocrine changes
following AT in children with OSA.

Spectral analysis makes possible the quantitative
description of the timecourse of sleep electro-
encephalogram (EEG) across the night. Spectral
analysis of slow-wave activity (SWA) is a quanti-
tative measure of slow-wave sleep dynamics, and
represents a physiological marker of homeostatic
regulation of sleep [11]. Stronger cortical connec-
tions would produce stronger network synchro-
nisation and, thus, a higher level of SWA,
whereas weaker connections would reduce net-
work synchronisation and, thereby, SWA [12, 13].
The magnitude of the slope of slow waves can
represent an additional measure of SWA [14]. To
the best of our knowledge, no studies have been
performed on SWA in OSA children before and
after AT. In adult OSA patients, HEINZER et al. [15]
reported a significant increase in mean SWA after
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continuous positive airway pressure (CPAP) and restored a
physiological decay of SWA across the night.

In the present study, we explored SWA in children with OSA
before and after AT compared with untreated OSA children
(comparison group). We hypothesise that SWA will increase
following AT in children with OSA.

METHODS

Patients
Consecutive, otherwise healthy children referred to the Sleep–
Wake Disorder Unit, Soroka University Medical Center, Beer-
Sheva, Israel for evaluation of possible OSA were included in
the study. Children with other chronic medical illnesses,
genetic disorders, facial anomalies and two subjects studies
with poor quality EEG signals (one from each group) were
excluded. Two groups of children were investigated: the
treated group (n514) was consecutively recruited and in-
cluded children with PSG-proven OSA undergoing AT. The
comparison group (n56) were retrospectively recruited; these
were children with PSG-proven OSA who did not undergo
surgery or CPAP treatment (table 1). The institutional ethics
committee approved the study protocol.

The diagnostic evaluation included a detailed clinical history
obtained using a validated questionnaire in Hebrew [3] that is
based on previous questionnaires [2, 3, 16]. Physical examina-
tion was performed by a paediatric pulmonologist and an
otolaryngologist.

PSG study
In the laboratory, data were acquired using a computerised,
commercially available sleep-monitoring system (SomnoStar
Pro; Viasys, Yorba Linda, CA, USA) as described previously
[1]. Parents were instructed to maintain their children’s normal
daily sleep–wake routine and to avoid consumption of soft
drinks on the day of the study. Overnight PSG monitoring
included recordings of EEG (referential derivations, interna-
tional 10–20 system: C3/A2, C4/A1, and O2/A1, O1/A2),
electrooculogram (right and left outer canthus), electromyo-
gram and ECG. Derivation C3/A2 was used for sleep-stage
scoring and for power spectral analysis; similar results were
obtained using C4/A1. Airflow was recorded using a pressure
transducer (Pro Tech Monitoring Inc., Odessa, FL, USA), chest
and abdominal efforts were recorded using inductive plethys-
mography (RespiTrace Plus; Viasys) and haemoglobin oxygen
saturation was monitored by pulse oximetry (Philips Res-
pironics, Pittsburgh, PA, USA). Scoring was performed by a
trained technician and reviewed by a trained polysomnogra-
pher. Sleep–wake and sleep stages were scored according to
the criteria of RECHTSCHAFFEN and KALES [17]. Non-rapid eye
movement (NREM) sleep episodes were defined according to
standard criteria [18], and adjusted for children [19] because of
the frequent occurrence of a ‘‘skipped’’ rapid eye movement
(REM) sleep episode after the first NREM sleep episode.
Arousals and awakenings were scored using American Sleep
Disorders Association criteria [20] with appropriate modifica-
tions for children [1]. Obstructive respiratory events during
sleep were scored using the traditional criteria [21]. Obstruc-
tive apnoea was defined as paradoxical breathing for at least
two respiratory cycles with complete cessation of nasal airflow.
A hypopnoea was scored when the paradoxical breathing was
accompanied by a reduction of o50% in airflow, resulting in
either an arousal or in oxygen desaturation of o4%. Apnoea–
hypopnoea index (AHI) was calculated as the number of
respiratory events per hour of sleep.

EEG spectral and waveform analysis
The EEG signals (C3/A2 and C4/A1) were sampled at 100 Hz
(12-bit AD converter) and band-pass filtered (0.3–35 Hz).
Epochs (30-s segments) that contained artefacts, such as
movement and ocular or muscle artefacts, were removed.
Respiratory-induced artefacts were removed; these artefacts
were minimal when the standard EEG arousal criteria were
employed [1, 22]. As a consequence, an average of 4.3 and 5.2%
of the epochs were excluded from the first and the second
study night, respectively. The EEG was analysed off-line
(MATLAB R-2008a; The MathWorks, Inc., Natick, MA, USA).

Power spectrum was estimated by fast Fourier transform. Each
30-s epoch was subdivided into 4-s (400-sample) subsegments
(2-s subsegments yielded similar results) with a 2-s overlap
using a hamming window (14 segments in each epoch); the
power spectral density was averaged, resulting in a 0.25-Hz
bin. The absolute energy in each frequency band, expressed in

TABLE 1 Characteristics of adenotonsillectomy (AT) and
comparison groups.

AT Comparison

1st PSG 2nd PSG 1st PSG 2nd PSG

Subjects n 14 6

Age yrs 6.4¡2.5 7.3¡2.7 5.4¡2.2 7¡2.9

Males/females n 7/7 4/2

Lights-off time h 21:32¡00:33 21:19¡00:22 21:43¡:00:06 21:12¡00:25*

TST min 424.5¡22.7 432.9¡34.9 393.5¡54.2 448¡24.9*

Sleep efficiency % 84.3¡10.1 83.6¡10.5 83.5¡7.1 79.2¡7.5*

WASO min 24.8¡17.1 31.2¡30 27.8¡12.1 59.7¡26.8*

Ar+Aw index

events?h-1

19.8¡10.2 14.0¡7.3# 16.0¡6.0 21.2¡6.6#

S1 % 1.7¡1.6 1.3¡2.1 0.3¡0.5 1.5¡1.8

S2 % 49.9¡7.5 48.9¡7.1 56.5¡9.3 59.2¡7.5

S3+4 % 30.6¡7.4 33.7¡6.3 29.3¡1.0 26.7¡6.3

REM % 16.0¡7.2 15.0¡8.6 13.8¡8.8 12.6¡7.0

AHI events?h-1

Total 10.0¡10.3 1.1¡1.0# 9.4¡7.6 13.1¡7.7

NREM 9.8¡11 0.8¡1.4 8.8¡8.2 15.6¡9

REM 15.1¡16.7 5.0¡10.3 19.3¡10 23.5¡22.6

Sp,O2 %

Mean waking 96.1¡1.0 97.5¡1.2# 97.6¡1.0 96¡2.1

Nadir 86.1¡10.2 92.9¡1.7# 90.7¡8.1 90.5¡3.6

Data are presented as mean¡SD, unless otherwise stated. PSG: polysomno-

graphy; TST: total sleep time; WASO: wake after sleep onset; Ar: arousal; Aw:

awakening; S1: sleep stage 1; S2: sleep stage 2; S3+4: sleep stages 3 and 4;

REM: rapid eye movement sleep; AHI: apnoea–hypopnoea index; NREM: non-

REM sleep; Sp,O2: arterial oxygen saturation measured by pulse oximetry.
#: p,0.02; *: p,0.05.
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squared microvolts, was calculated for the following bands: d
frequency (often referred to as SWA; 0.75–4 Hz); h frequency
(4–8 Hz); a frequency (8–12 Hz); and b frequency (12–16 Hz).
The total energy of each frequency band was calculated for
every 30-s epoch. A smoothed version of the d energy curve
(12-epoch moving average) allows more accurate extraction of
the maximum, minimum and mean of d energy in every sleep
cycle. For standardisation of EEG signal analysis, amplitudes
were normalised using two approaches: first, to total energy of
an artefact-free all-night EEG signal and secondly, by the mean
energy of sleep stage 2 alone.

Waveform analysis was performed according to RIEDER et al.
[23]. The slow-wave slope was defined as the amplitude of the
most negative peak divided by the time to the next zero
crossing of a band-pass filtered (0.75–4 Hz) and smoothed
version of the EEG signal. Only waves with consecutive zero
crossing separated by 0.25–1 s were considered slow waves.
The calculated slow-wave slopes were averaged in every 30-s
epoch. Both ascending and descending wave slopes revealed
similar behaviour and, therefore, only the first was examined.

Data analysis
Statistical analysis was performed using MATLAB. Data are
presented as mean¡SD unless otherwise specified. PSG data
were compared using two-tailed t-tests for paired groups. A
linear regression test was performed to determine the correla-
tion between SWA and the slope, and between SWA and AHI
or arterial oxygen saturation measured by pulse oximetry
(Sp,O2). Two-way ANOVA (ANOVA-2) was used to compare
SWA (or slow-wave slope) before and after AT or no treatment
(factor 1) and sleep duration (factor 2). The null hypothesis was
rejected at the 5% level.

RESULTS
Patients
20 children participated in this study. Daily routine at home
was lights-out between 21:00 and 22:00 h, and mean sleep
duration was 9.3 h (range 8–10 h), with no significant dif-
ference between groups. Mean¡SD ages of the AT and com-
parison groups at the first PSG were 6.4¡2.5 and 5.4¡2.3 yrs,
respectively, and at the second PSG study, mean ages were
7.3¡2.7 and 7¡2.9 yrs, respectively. All subjects were in the
pre-puberty age range. The time between the first and second
PSG studies was 10.5¡7 (range 4–25) and 19¡20 (range 6–
62) months for the treated and untreated group, respectively
(p50.34). For the treated group, post-PSG studies were
repeated 5.4¡4 (range 1.5–18) months after the date of sur-
gery. The symptoms reported by the parents for all 20 children
prior to the first PSG study are summarised in table 2. Parents
reported mouth breathing during wakefulness, restless sleep,
habitual loud snoring, behavioural problems and upper airway
infections. Most parents (12 out of 20 parents) were quite
concern about their children’s symptoms, which motivated
them to seek medical help.

Respiratory characteristics
All respiratory parameters improved significantly after AT
(table 1). Mean¡SD AHI decreased from 10.0¡10.3 to 1.1¡

1.0 events?h-1 (p,0.002) after AT surgery. Following AT, five
out of 14 children had REM AHI equal to NREM AHI, while the
rest exhibited higher REM AHI. Nadir Sp,O2 significantly

improved after AT surgery (table 1). In the comparison group,
a trend toward increased AHI was observed when comparing
the first PSG results to second PSG results, from 9.4¡7.6 to
13.1¡7.7 events?h-1 (p50.07), respectively.

Sleep architecture
In the AT group, there were no significant changes in the
cumulative duration spent in any of the sleep stages and sleep
efficiency (table 1). Arousal plus awakening (Ar+Aw) index
was significantly decreased following AT (table 1). Most of
the arousals were spontaneously induced and ,15% were
respiratory-induced. In the nontreated group, there were no
significant changes in the cumulative duration spent in the
sleep stages and sleep efficiency. Ar+Aw index increased in the
second PSG study (p50.04; table 1).

EEG spectral and waveform analysis
For both groups, the total energy of sleep stage 2 was 15.1¡5.4
and 15.1¡2.7 mV2 during the first and second PSG studies
(p50.6), respectively, without significant differences between
the two groups (p50.57). Therefore, signals were normalised to
whole-night total energy and mean energy of sleep stage 2. Both
normalisation methods yielded similar results; therefore, in this
study, the presented data correspond to the normalisation of
sleep stage 2 energy. The normalised power values of the h, a
and b frequency bands did not change significantly during the
night between the first and second PSG studies (treatment factor
F50.53 (p,0.47), F50.01 (p,0.93) and F50.03 (p,0.87), re-
spectively, by ANOVA-2; data not shown). Similar results were
obtained for the comparison group. The all-night EEG power
spectra for SWS (stages 3 and 4) and REM (treated group), before
and after AT, are illustrated in figure 1. Normalised EEG power
densities during SWS significantly improved following AT in
the d frequency range (0.75–4 Hz; treatment factor F539.4
(p,0.0001) by ANOVA-2), with no significant change in other
frequency bands, i.e. h, a and b. No significant changes were
noted in the power frequency spectrum of REM sleep stage
(treatment factor F50.79, p,0.37). For the comparison group, no
significant changes were noted in power spectra for both SWS or
REM (data not shown).

TABLE 2 Symptoms reported by parents prior to
polysomnography study

Symptom Cases n

Mouth breathing during wakefulness

(o3 days?week-1)

10

Restless sleep (yes) 7

Snoring (o3 nights?week-1) 10

Loud snoring (ospeech loudness) 10

Sweating during sleep (o2 days?week-1) 8

Behavioural problems# 6

Growth retardation (yes) 5

Respiratory tract infections (yes) 7

Data are a combination of adenotonsillectomy and comparison groups (n520).
#: parents reporting at least one problem out of shyness, aggression,

hyperactivity and/or discipline problems.
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A close association was found between SWA and slope: the
greater the energy, the steeper the slope for both groups and
both PSG studies (e.g. fig. 2c, d, g and h). The timecourse of the
slow-wave slope across four sleep cycles is demonstrated in
figure 3. The treated group showed a significant increase in the
slope of slow waves following AT across the first three sleep
cycles (treatment factor F54.7 (p,0.025) by ANOVA-2), while
SWA increased significantly only in the first two cycles (fig. 4).

The nocturnal timecourse of sleep stages (fig. 2a and b),
absolute SWA (fig. 2c and d), smoothed SWA curve (fig. 2e
and f) and slow-wave slope (fig. 2g and h) are illustrated in
figure 2 for a single participant before (fig. 2a, c, e and g) and
after (fig. 2b, d, f and h) AT. No significant change was found
in any of the sleep-stage durations (fig. 2a and b, and table 1).
However, AT induced considerable elevation of d energy (i.e.
SWA; fig. 2c–f) and in the slow-wave slope (fig. 2g and h). The
mean maximal d energy across the first four sleep cycles in the
AT group are summarised in figure 4a and comparison group
in figure 4b. At the first PSG study, both groups had a
statistically similar SWA pattern (group factor F50.19,
p,0.662; sleep cycle factor F53.73, p,0.016; ANOVA-2).

Following AT, a considerable elevation (.50%) of maximal
SWA during the first two sleep cycles was noted (treatment
factor F56.9, p,0.01; ANOVA-2). Moreover, AT led to a more
physiological decay of SWA during the night (fig. 4a; sleep

cycle factor F520.35, p,0.0001; ANOVA-2). No significant
interaction was found between d energy and sleep cycle
(F51.07, p50.37; ANOVA-2). No significant changes were
noted in normalised SWA energy of the comparison group
(fig. 4b; treatment factor F50.06, p50.8; ANOVA-2).

DISCUSSION
In pre-pubescent children with OSA, AT improved sleep
depth, without any significant change in the cumulative
proportion of sleep stage duration. SWA analysis may provide
useful additions to the standard sleep-stage analyses.

Subjects
We included prospectively recruited, otherwise healthy chil-
dren with typical symptoms for OSA. Removal of the
adenotonsillar tissue resulted in improvement of respiration
during sleep, but it is possible that children may not have been
completely treated by AT, as indicated by abnormal drops of
Sp,O2 to 93% and REM-related AHI. Our findings confirm
previous reports demonstrating that residual OSA is present in
a large proportion of children after AT, mainly in REM sleep [1,
7, 8]. SWA will not change much if the residual obstructive
events following AT occurred during REM sleep, since it is a
phenomenon related to NREM sleep. The comparison group
retrospectively recruited included otherwise healthy children
with OSA who did not adhere to the recommended therapy. In
the first PSG study, the comparison group was statistically
similar to the AT group in OSA severity parameters. The lack of
adherence to the recommended therapy was mainly due to the
low level of awareness and doubts among parents, physicians
and administrators of the benefits of early AT intervention.

Changes observed in SWA following AT probably reflect a
‘‘true’’ change in sleep depth over treatment. All included
subjects in our study were children that, at the conclusion of the
second PSG study, were in their pre-puberty age range;
therefore, changes in SWA are unlikely to be related to puberty.
SWA undergoes dramatic changes during brain maturation; it
maintains stability across childhood and declines sharply across
puberty [24]. A possible limitation of the present study is the
‘‘first-night effect’’, which may affect the sleep architecture of
individuals during their first night of the PSG evaluation.
However, in a previous study we have shown that the only
significant change between two consecutive nocturnal PSG
studies was in REM sleep [25]. No change was noted in SWA in
the comparison group between the two PSG studies, where each
patient served as their own control; thus, we do not think the
first-night effect affects our interpretations.

SWA
EEG signals were normalised to stage 2 energy for standardi-
sation between subjects; EEG normalisation to the whole-night
energy yields similar SWA trends and magnitudes. In the
present study, normalised SWA improved considerably by
.50% during the first two sleep cycles following AT compared
to the comparison group, supporting the hypothesis that sleep
depth is enhanced following surgery. Our findings support the
idea that sleep-disordered breathing may prevent physiologi-
cal homeostatic sleep-drive dissipation, which critically
depends on uninterrupted sleep. Others have shown that
SWA significantly decreased among adult OSA patients
compared to normal controls when artefact-free EEG signals
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FIGURE 1. Mean¡SEM all-night electroencephalogram normalised power

spectral density for a) non-rapid eye movement short-wave sleep (stages 3–4)

and b) rapid eye movement sleep before ($) and after adenotonsillectomy (#).

Power density values (normalised) are plotted every 0.25-Hz bin. For the purpose of
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p,0.0001.
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were analysed [26]. In the current study, as in previous reports
obtained from adults and children [15, 27, 28], treatment of
sleep-disordered breathing improves slow wave sleep intensity.
Thus, all of these studies suggest that sleep-disordered breath-
ing acts upon decreased NREM sleep depth. Why this occurs is
unclear. Adult OSA patients may terminate their apnoeas
without clear EEG arousals, but may also stay awake longer
[26]. The intensity of SWA correlates positively with the
threshold to arouse human subjects or animals [12]. It is possible
that in children with OSA, SWA may be forced into reduced
sleep depth or other states, such as wakefulness, in order to
maintain ventilation during sleep. The initial assumption was
that children with OSA do not rouse from their respiratory
events during sleep as often as adults do; therefore, sleep
architecture is better preserved than in adults [1, 6]. TAUMAN et
al. [29] suggested that the decrease in the nonrespiratory fraction
of arousals represents an effort to preserve sleep homeostasis in
children with sleep-disordered breathing. It was suggested that
as an effort to preserve sleep homeostasis, children with OSA
will develop some form of neural habituation that attenuates the
EEG response to upper airway obstruction [22].

It is possible that the improvement in neurocognitive and
behavioural function [3, 9, 30], and growth hormone home-
ostasis [2, 31] following AT in children with sleep-disordered
breathing are related to enhancement sleep intensity. A study
using a computer model that simulates sleep homeostasis
concluded that the decline of SWA could be predicted by a
reduction of cortical synaptic strength, which is involved in the
generation of slow wave sleep [14, 23]. In adult OSA patients, it
has been demonstrated that the excessive daytime sleepiness
may be a result of lack of SWA during the first part of the night
[15]. Moreover, experimentally induced sleep fragmentation
can reduce SWA [32] and deplete hypothalamic growth
hormone-releasing hormone, which is known to stimulate
SWA and growth hormone secretion [33]. In support of this,
OSA in children can lead to abnormal growth hormone
homeostasis that significantly improves following AT [2, 31].

Summary
Children with untreated OSA exhibit decreased SWA level and
slope during the night, indicating reduced sleep homeostasis.
AT led to more physiological sleep homeostasis in children
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with OSA. SWA analysis may provide a useful addition to
standard sleep-stage analyses in children with OSA.
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