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Abstract

Study Objectives: Sleep disordered breathing (SDB) in children has significant effects on daytime functioning and cardiovascular control; attributed to sleep 

fragmentation and repetitive hypoxia. Associations between electroencephalograph (EEG) spectral power, autonomic cardiovascular control and cerebral oxygenation 

have been identified in adults with SDB. To date, there have been no studies in children. We aimed to assess associations between EEG spectral power and heart rate 

variability as a measure of autonomic control, with cerebral oxygenation in children with SDB.

Methods: One hundred sixteen children (3–12 years) with SDB and 42 controls underwent overnight polysomnography including measurement of cerebral 

oxygenation. Power spectral analysis of the EEG derived from C4-M1 and F4-M1, quantified delta, theta, alpha, and beta waveforms during sleep. Multiple regression 

tested whether age, SDB severity, heart rate (HR), HR variability (HRV), and cerebral oxygenation were determinants of EEG spectral power.

Results: There were no differences in EEG spectral power derived from either central or frontal regions for any frequency between children with different severities 

of SDB so these were combined. Age, HR, and HRV low frequency power were significant determinants of EEG spectral power depending on brain region and sleep 

stage.

Conclusion: The significant findings of this study were that age and autonomic control, rather than cerebral oxygenation and SDB severity, were predictive of EEG 

spectral power in children. Further research is needed to elucidate how the physiology that underlies the relationship between autonomic control and EEG impacts 

on the cardiovascular sequelae in children with SDB.
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Statement of Significance

Sleep disordered breathing (SDB), a common condition in children. This is the first study to investigate the relationship between age, SDB severity, cerebral oxy-

genation, and heart rate variability as a measure of autonomic control on EEG power spectral analysis in children with SDB and nonsnoring controls. SDB severity 

and cerebral oxygenation were not predictive of EEG spectral power. Age, heart rate, and heart rate variability were significant determinants of the EEG power 

spectra. This study highlights the importance of the early detection of SDB in children before the adverse cardiovascular outcomes associated with SDB impact 

on brain activity.
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Introduction

Sleep disordered breathing (SDB) is a common condition with 
a reported prevalence of 4%–11% in children [1]. We and others 
have previously shown that children with all severities of SDB 
have adverse neurocognitive [2], behavioral [3], and cardiovas-
cular [4–6] outcomes. These sequelae are believed to result from 
repeated hypoxia and reperfusion and surges in heart rate (HR) 
and blood pressure associated with the obstructive respiratory 
events that characterize the condition.

Power spectral analysis of the EEG obtained during an over-
night polysomnography (PSG) study quantifies the delta, theta, 
alpha, and beta waveforms that occur during sleep, in the fre-
quency domain (EEG spectral power), and provides a measure-
ment of sleep micro-architecture [7–10]. We have previously 
reported differences in the distribution of EEG spectral power 
over the night between SDB severity groups in elementary 
school-aged children with SDB [10]. Furthermore, studies have 
shown that spectral characteristics of the EEG in adults [11], 
adolescents [9], and children [12] exhibit regional differences.

Studies in infants [13–15] and adults [16] have identified as-
sociations between EEG activity and cerebral blood flow and 
cerebral oxygenation. In adults, cerebral blood flow was correl-
ated with slow wave activity, a marker of sleep intensity, during 
NREM sleep [16]. In preterm infants during quiet sleep (the pre-
cursor to NREM sleep), spontaneous bursts of EEG activity were 
coupled to a stereotypical hemodynamic response measured by 
near infrared spectroscopy (NIRS) [14]. Furthermore, more ma-
ture EEG activity in premature infants has been associated with 
increased [15] and less variable [13] fractional tissue oxygen-
ation extraction (FTOE), indicating an association between EEG 
activity and cerebral oxygenation. Similar studies examining 
the relationship between cerebral oxygenation and EEG activity 
have not been conducted in children.

During sleep there are coordinated cortical and cardiac os-
cillations which reflect the communication and interdepend-
ency between the central (CNS) and autonomic (ANS) nervous 
systems [17]. An association between EEG spectral analysis (re-
flecting CNS) and autonomic cardiovascular control (reflecting 
ANS), as measured by heart rate variability (HRV), has been 
identified in adults, with and without SDB [18–21]. However, 
we have recently identified that SDB significantly disrupts the 
positive association between autonomic cardiovascular con-
trol and cerebral oxygenation found in nonsnoring children 
[22]. Whether the diminished relationship between cerebral 
oxygenation and autonomic cardiovascular control in chil-
dren with SDB affects the relationship between sleep micro-
architecture and cerebral oxygenation in children remains to 
be elucidated.

Thus, this study aimed to determine whether there were dif-
ferences in sleep micro-architecture between children from dif-
ferent SDB severity groups and nonsnoring controls, determined 
at the frontal and central brain regions. Furthermore, we aimed 
to determine the association between sleep micro-architecture, 
autonomic cardiovascular control, and cerebral oxygenation in 
children with and without SDB, and whether there were regional 
differences in these associations. We hypothesized that sleep 
micro-architecture would be different between SDB severity 
groups. We further hypothesized that cerebral oxygenation and 
heart rate variability would be predictive of EEG spectral power, 
and would exhibit regional differences.

Methods
Ethical approval for this study was obtained from the Monash 
University and Monash Health Human Research Ethics 
Committees (14024B). Written consent was obtained from 
parents and verbal assent from children.

Children (3–12 years) referred for clinical assessment of SDB 
at the Melbourne Children’s Sleep Centre between May 2014 and 
December 2016 were approached to participate. Children were 
otherwise healthy with no comorbidities, such as craniofacial 
syndromes, developmental disability, and genetic syndromes, 
and were not taking any medications known to affect breathing 
or sleep. Age-matched control children, with no previous history 
of snoring, were recruited from the community.

All children underwent overnight attended PSG. Height and 
weight were measured and converted to a body mass index (BMI) 
z-score to adjust for gender and age [23]. Electrophysiological 
signals were recorded using a commercially available PSG 
system (E-Series, Compumedics, Melbourne, Australia) using 
standard pediatric recording techniques [24]. Electrodes for re-
cording left and right electrooculogram, submental electromyo-
gram, left and right anterior tibialis muscle electromyogram, 
and electrocardiogram (ECG) were attached. Thoracic and ab-
dominal breathing movements were detected using respira-
tory inductance plethysmography (Pro-Tech zRIP Effort Sensor, 
Pro-Tech Services, Inc., Mukilteo, WA). Transcutaneous carbon 
dioxide (TcCO2, TCM4/40, Radiometer, Denmark, Copenhagen), 
nasal pressure, and oronasal airflow were also recorded. 
Oxygen saturation (SpO2) was measured using Bitmos GmbH 
(Bitmos, Dusseldorf, Germany), which uses Masimo signal ex-
traction technology for signal processing and was set to a 2-s 
averaging time.

In addition to the standard PSG electrodes, cerebral oxygen-
ation was measured using a NIRO 200NX spectrophotometer 
(Hamamatsu Photonics KK, Tokyo, Japan) positioned on the fore-
head, avoiding any hair. The sensors were covered with cloth 
to shield from any external light, and held in place with an 
elastic net bandage (Tubular-Net, Sutherland Medical, Victoria, 
Australia). Near-infrared spectroscopy enables calculation of 
cerebral tissue oxygenation index (TOI) using continuous-wave 
light emission and detection measured over the frontal region 
of the brain, with the detection probe placed 4 cm away from 
the emission probe. TOI was computed continuously using a 
spatially resolved spectroscopy algorithm and represents mixed 
oxygen saturations of all cerebral vascular compartments. 
Cerebral fractional tissue oxygenation extraction (FTOE) was 
calculated using: FTOE = (SpO2 −TOI)/SpO2 [25, 26]. TOI and FTOE 
methods have been previously published [27]. TOI reflects the 
saturation of oxygen in veins (70%–80%), capillaries (5%), and ar-
teries (20%–25%), and as such is an estimate of cerebral oxygen 
delivery [28]. The FTOE describes the balance between cerebral 
oxygen delivery and cerebral oxygen consumption from an esti-
mate of the amount of oxygen extracted by brain tissue from the 
vascular compartment [28]. FTOE accounts for arterial oxygen 
saturation and therefore provides a ratio of cerebral oxygen con-
sumption to delivery [25].

Pediatric sleep technologists sleep-staged and scored all PSG 
studies manually in 30 s epochs of NREM stages N1, N2, and N3, 
and REM sleep according to clinical practice at the time of the 
study [24, 29]. Obstructive apneas were defined as a >90% fall in 
airflow for ≥90% of event duration, with continued or increased 
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respiratory effort. Mixed apneas consisted of a central com-
ponent followed by an obstructive component. An obstructive 
hypopnea was associated with a ≥50% fall in airflow signal for at 
least ≥90% of the event, associated with an arousal, awakening 
or ≥3% desaturation. Respiratory event-related arousals (RERAs) 
were scored where there was a discernible decrease in ampli-
tude and flattening of the nasal pressure trace, associated with 
snoring, noisy breathing, elevation of the end-tidal or trans-
cutaneous pCO2 and/or visual evidence of increased work of 
breathing, leading to an arousal from sleep or ≥3% desaturation. 
A minimum of 4 h of sleep was required to assess SDB severity 
for children to be included in the study.

Conventional sleep macro-architecture parameters from 
the PSG analyzed for this study were: the percentage of total 
sleep time (TST) spent in each sleep stage, wake after sleep 
onset (WASO) defined as the percentage of time awake during 
the sleep period time (SPT), with SPT defined as the amount of 
time in minutes from sleep onset until lights on at the end of 
the study, and TST defined as SPT excluding all periods of wake. 
Other variables calculated included sleep onset latency (SOL) 
defined as the period from lights off to the first three consecu-
tive epochs of N1 sleep or an epoch of any other stage, sleep ef-
ficiency (SE) defined as the time spent asleep as a percentage of 
the time available for sleep, and the arousal index (ArI) defined 
as the number of arousals per hour of TST. Respiratory vari-
ables included the obstructive apnea hypopnea index (OAHI), 
which was defined as the total number of obstructive apneas, 
mixed apneas, obstructive hypopneas, and respiratory event-
related arousals per hour of TST, the central apnea hypopnea 
index (CnAHI) defined as the number of central apneas and 
hypopneas per hour of TST, SpO2 nadir, the ODI4 defined as the 
number of times the SpO2 dropped by greater than 4% per hour 
of TST, ODI90 defined as the number of times the SpO2 dropped 
below 90% per hour of TST, and the average transcutaneous CO2 
during TST.

Following scoring of the PSG, the children were grouped ac-
cording to their OAHI into SDB severity groups: PS, OAHI ≤ 1 
event per hour TST; Mild OSA, OAHI > 1–5 events per hour TST; 
MS OSA, OAHI > 5 events per hour TST. The controls had an OAHI 
≤ 1 event per hour TST and no snoring noted on the PSG.

For sleep micro-architecture and HRV analysis, PSG data 
were transferred via European Data Format to data analysis soft-
ware (LabChart 7.1, ADIinstruments, Sydney, Australia).

Sleep micro-architecture was assessed using spectral ana-
lysis of the EEG signal [30]. Raw EEG signals were recorded using 
a band-pass filter ranging from 0.3 to 100 Hz and a sampling fre-
quency of 512 Hz. Spectral analysis was performed on the EEG 
channels C4-M1 and F4-M1. To remove any low or high frequency 
artifact from the signal, the entire EEG time series was digitally 
filtered using a band-pass filter ranging from 0.5 to 30 Hz. Thirty-
second epochs containing significant artifact, defined as a 30-s 
epoch containing >10  s of movement artifact that interrupted 
the EEG signal, were excluded from analysis. In all studies, the 
first epoch of the recording was deleted, as well as the last epoch 
if it did not run for the full 30 s. The following frequency bands 
were set as delta (0.5–3.9 Hz), theta (4–7.9 Hz), alpha (8–11.9 Hz), 
sigma (12–13.9 Hz), and β power (14–30 Hz) [10]. Spectral ana-
lysis was run using a fast Fourier transform (FFT) size of 1024 
over the entire PSG recording with a Hanning window, which 
allowed edge effects to be avoided [31]. The FFT output provided 
a total power for 2-s blocks with a frequency resolution of 0.5 Hz. 

These 0.5-Hz frequency bins were subsequently summed within 
five frequency bands, producing a single power value for each 
band. In addition, total power for each 2-s block was determined 
(0.5–30 Hz). As EEG power is known to be affected by sleep stage 
in children [10], a mean value for each frequency was calculated 
for each 30-s epoch and then averaged per sleep stage within 
each child for values derived from C4 and F4.

Heart rate variability analysis

Every 2  min epoch from the entire overnight study (including 
respiratory events) that was free of movement artifact (disrup-
tion to the ECG signal caused by gross body movement) on the 
ECG signal was selected. Two minute epochs were chosen to 
maximize the overall number of artifact-free epochs available 
for analysis, while ensuring an adequate length of time to ac-
commodate enough oscillations within the low frequency (LF) 
range to detect changes. Periods of wakefulness during the sleep 
period were excluded. Each 2 min epoch was separated from the 
previous epoch by at least 30s [5]. The intervening 30 s epochs 
were ECG artifact free. The 2-min epochs were then grouped into 
wake before sleep onset and all epochs of sleep across the night 
and a mean value for each state (wake and sleep) calculated for 
each subject.

The power spectral density for the LF (0.04–0.15 Hz) reflecting 
a mixture of both parasympathetic and sympathetic activity 
and high frequency (HF) (0.15–0.4 Hz) reflecting parasympathetic 
activity, bands was determined [32]. Total power (TP) reflects 
overall automatic activity. The LF/HF ratio was determined as a 
measure of sympathovagal balance.

Statistical analysis

Statistical analyses were performed using SPSS (IBM Statistics, 
version 22). Data were first tested for normality and equal vari-
ance. Demographic, sleep macro-architecture, and respiratory 
data were compared between SDB severity groups using one-
way ANOVAs followed by Bonferroni post hoc testing for nor-
mally distributed data and a Kruskal–Wallis test followed by 
Mann–Whitney post hoc testing for data that was not normally 
distributed. Statistical significance was taken at p <0.05.

EEG spectral frequencies were compared between SDB se-
verity groups and sleep stages using linear mixed model ana-
lyses to allow for random effects over repeated observations. 
Group (control, PS, mild OSA, MS OSA) and sleep stage (N1, N2, 
N3, REM) were entered as fixed effects. Age and BMI z-score were 
entered as covariates. Subject code was used as the random 
factor. As no differences between groups were identified, groups 
were combined for subsequent analyses. The Benjamini and 
Hochberg False Discovery Rate method was used to correct 
for multiple testing and statistical significance was taken at p 
≤0.01. Significant correlates of the EEG spectral power param-
eters were identified and used as the independent variables 
in multiple linear regression analyses, which were performed 
to determine significant predictors of total, delta, theta, alpha, 
sigma, and beta power derived from C4 and F4 during N1, N2, 
N3, and REM sleep. The independent variables were age, OAHI, 
BMI z-score, TOI, FTOE, and the HRV parameters (HR, TP, LF, HF, 
LF/HF). Total, delta, theta, alpha, sigma, and beta power were en-
tered as the dependant variables. FTOE and HRV TP were found 
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to be collinear with TOI and the remaining HRV parameters re-
spectively, which was resolved when FTOE and HRV TP were re-
moved from the analysis. Multiple linear regression mediation 
models were conducted to determine if the effect of heart rate 
on spectral EEG power was mediated by cerebral (TOI) or periph-
eral (ODI) oxygenation.

Results
Demographic, sleep macro-architecture, and respiratory data 
are presented in Table 1. There were no differences in the 
age or the proportion of females between the SDB severity 
groups. The control children had a significantly lower BMI 
z-score compared with the children in all SDB groups. There 
were no significant differences between groups for any of the 
sleep variables, except the ArI was significantly higher in the 
children with MS OSA compared with children from the other 
SDB groups and controls. By study design, the OAHI was sig-
nificantly higher in the mild OSA and MS OSA groups com-
pared with the PS and control groups. OAHI in the MS OSA 
group was also significantly higher than in the mild OSA 
group. CnAHI, SpO2 nadir, ODI90, and ODI4 were significantly 
higher in the children with MS OSA compared with the other 
groups, with no differences between control, PS, and Mild OSA 
groups.

Figure 1 compares the sleep micro-architecture between SDB 
severity groups during N1, N2, N3, and REM sleep derived from 
C4-M1. Sleep micro-architecture was compared between SDB 
severity groups during N1, N2, N3, and REM sleep. The mixed 
model analysis revealed that there was no main effect of SDB se-
verity group or significant interaction between group and sleep 
stage for any EEG frequency.

Figure 2 compares the sleep micro-architecture between SDB 
severity groups during N1, N2, N3, and REM sleep derived from 
F4-M1. Sleep micro-architecture was compared between SDB 
severity groups during N1, N2, N3, and REM sleep. The mixed 
model analysis revealed that there was no main effect of SDB 
severity group or significant interaction between group and 
sleep stage.

Multiple stepwise linear regression revealed differences in 
the significant determinants of the EEG spectral power param-
eters that were both sleep stage and brain region specific. 
Significant determinants of total, delta, theta, alpha, sigma, and 
beta power during the sleep stages when derived from C4-M1, 
are presented in Table 2. OAHI, TOI, BMI Z-score, and HRV LF/HF 
ratio were not significant determinants of EEG spectral power 
for any frequency when derived from C4. Age was the predom-
inant determinant of EEG spectral power. Increasing age signifi-
cantly predicted decreasing total EEG power during N1, N2, and 
REM; decreasing delta power during N1 and REM; decreasing 
theta power during N2, N3, and REM; and increasing sigma 
power during N2 and N3. Increasing heart rate significantly de-
termined decreasing total EEG power during N2, N3, and REM; 
decreasing delta power during N2, N3, and REM; and decreasing 
theta power during REM. Increasing HRV LF power significantly 
predicted decreasing total EEG power during N1, and decreasing 
theta power during N3. HRV HF power was a significant deter-
minant of total EEG power during N1.

Significant determinants of total, delta, theta, alpha, sigma, 
and beta power during the sleep stages when derived from 
F4-M1 are presented in Table 3. As identified for C4, OAHI and 
BMI Z-score were not significant determinants of EEG spec-
tral power for any frequency when derived from F4. HRV HF 
power and LF/HF ratio were also not significant determinants 
of EEG spectral power for any frequency when derived from 

Table 1. Demographic, sleep macro-architecture and respiratory data from children (3–12 years) with sleep disordered breathing and nonsnoring 
controls

Control, N = 42 PS, N = 37 Mild OSA, N = 42 MS OSA, N = 37

% female 55 46 43 50
Age years 7.1 (3.2 to 12.1) 7.3 (3.3 to 12.9) 6.0 (3.1 to 12.7) 6.3 (3.5 to 12.9)
BMI Z-score 0.32 (−2.02 to 1.94)a 0.84 (−0.79 to 2.86)b 0.96 (−1.15 to 3.6)b 0.77 (−0.26 to 4.48)b

TST min 438 (348 to 534) 446 (269 to 496) 434 (294 to 513) 432 (333 to 559)
SPT 472 (391 to 551) 477 (404 to 553) 480 (373 to 537) 475 (381 to 566)
SE % 86 (74 to 97) 90 (53 to 95) 86 (55 to 96) 87 (69 to 98)
SOL min 25 (0 to 106) 24 (5 to 90) 21 (0 to 117) 24 (4 to 118)
WASO %SPT 6 (2 to 16) 6 (1 to 44) 8 (1 to 37) 6 (1 to 27)
% N1 6 (3 to 12) 6 (1 to 23) 6 (1 to 19) 6 (1 to 25)
% N2 48 (35 to 59) 45 (23 to 59) 46 (36 to 58) 42 (30 to 53)
% N3 27 (17 to 40) 30 (14 to 48) 28 (16 to 40) 31 (22 to 42)
%NREM 80 (71 to 88) 80 (73 to 89) 81 (72 to 93) 79 (72 to 87)
%REM 20 (12 to 29) 20 (11 to 27) 19 (7 to 28) 21 (13 to 28)
OAHI 0.1 (0.0 to 0.9)a 0.3 (0.0 to 1.0)a 1.9 (1.1 to 4.3)b 10.7 (5.2 to 48.8)c

CnAHI 1.2 (0.1 to 5.5)a 1.1 (0.0 to 10.6)a 1.2 (0.1 to 6.3)a 2.2 (0.0 to 12.2)b

SpO2 nadir 93 (81 to 97)a 93 (82 to 96)a 93 (76 to 96)a 91 (70 to 96)b

ODI90 0.0 (0.0 to 0.4)a 0.0 (0.0 to 0.3)a 0.3 (0.0 to 0.6)a 6.2 (0.0 to 12.1)b

ODI4 0.5 (0.0 to 3.6)a 0.3 (0.0 to 5.0)a 0.5 (0.0 to 6.3)a 2.8 (0.0 to 37.7)b

Av TCO2 43.9 (5.7 to 61.0) 42.3 (33.3 to 54.0) 42.5 (34.1 to 54.7) 42.2 (28.7 to 51.5)
ArI 10.7 (6.3 to 20.7)a 10.1 (5.6 to 21.8)a 11.8 (6.8 to 15.5)a 16.8 (5.6 to 38.3)b

PS = primary snoring; OSA = obstructive sleep apnea; MS = moderate/severe; BMI = body mass index; TST = total sleep time; SPT = sleep period time; SE = sleep effi-

ciency; SOL = sleep onset latency; WASO = wake after sleep onset; NREM = nonrapid eye movement sleep; N1 = NREM stage 1; N2 = NREM stage 2; N3 = NREM stage 

3; REM = rapid eye movement sleep; OAHI = obstructive sleep apnea index; CnAHI = central apnea hypopnea index; SpO2 = arterial oxygen saturation; ODI90 = the 

number of oxygen desaturations below 90% per hour TST; ODI4 = the number of oxygen desaturations greater than 4% per hour sleep; AvTCO2 = average transcuta-

neous carbon dioxide; ArI = arousal index. Data presented as median (min–max). Columns that do not share a letter in common are significantly different, p < 0.05.
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F4. As identified for C4, age was the predominant determinant 
of EEG spectral power for F4. Increasing age significantly 
predicted decreasing total EEG power during N1 and REM; 

decreasing delta power during N1 and REM; decreasing theta 
power during N1, N3, and REM; and decreasing sigma power 
during N2 and N3. Heart rate was a significant determinant of 

Figure 1. C4 derived EEG power spectral analysis for (a) total power, (b) delta power, (c) theta power, (d) alpha power, (e) sigma power, and (f) beta power, during N1, N2, 

N3, and REM sleep in nonsnoring controls and children with SDB. White columns represent the control group; light gray the PS group; dark gray the mild OSA group; 

and black the MS OSA group. Data presented as mean (SD).
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decreasing alpha power during N1. HRV LF power significantly 
predicted decreasing total EEG and delta power during N1, and 
increasing total EEG and delta power during N2; and increasing 
beta power during N2.

TOI did not significantly predict EEG spectral power derived 
from either brain region.

The effect of HR on EEG spectral power was not significantly 
altered when accounting for the indirect effect of either cerebral 

Figure 2. F4 derived EEG power spectral analysis for (a) total power, (b) delta power, (c) theta power, (d) alpha power, (e) sigma power, and (f) beta power, during N1, N2, 

N3, and REM sleep in nonsnoring controls and children with SDB. White columns represent the control group; light gray the PS group; dark gray the mild OSA group; 

and black the MS OSA group. Data presented as mean (SD).
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(TOI) or peripheral (ODI) oxygenation for any EEG frequency, or 
sleep stage, when determined at either C4 or F4. This indicates 
that the effect of HR on EEG spectral power was not mediated by 
cerebral or peripheral oxygenation.

Discussion
In this study, we have demonstrated that cerebral oxygenation 
and SDB severity are not significant determinants of EEG spec-
tral power, which was predominately predicted by age, HR, and 
HRV. To our knowledge, this is the first study to analyze the as-
sociation between autonomic control, cerebral oxygenation, and 
EEG spectral power in children with and without SDB. In contrast 
to studies in infants and adults, there was not a relationship 
between measures of cerebral oxygenation and EEG spectral 
power. Furthermore, also in contrast to studies in adults, SDB 
in children did not affect the relationship between autonomic 
activity and EEG spectral power.

In contrast to studies in adults which have identified that 
SDB alters the tight coupling between the CNS and the ANS 
during sleep, we did not find any effect of SDB severity on EEG 
spectral power in the children studied. There have been a limited 
number of studies assessing the association between autonomic 
control and EEG spectral power in adults with SDB [18, 19, 33–36]. 
Coherence analysis is a method that characterizes the linear 

relationship between two signals in the frequency domain. A co-
herence value of one represents a very strong linear link and the 
gain value is the ratio between the amplitude of both signals. 
This method was used to analyze normalized HRV HF power and 
delta power in men with OSA and controls, and demonstrated 
decreased coherence and gain from controls to severe OSA [19]. 
The authors concluded that apneas and hypopneas affect the 
link between the autonomic control of HR and delta power. This 
difference in findings of a relationship between OSA severity 
and EEG spectral power in adult studies and our study which 
found no relationship, may reflect the difference in OSA severity 
between adults and children, whereby OSA is more severe in 
adults compared with children.

Previous infant and adult studies led us to hypothesize that 
cerebral oxygenation would be predictive of EEG spectral power 
[13–16, 37]. Unexpectedly, in our cohort of children, cerebral oxy-
genation did not play a role in EEG spectral power. A  number 
of studies concerning cerebral oxygenation and EEG spectral 
power have been conducted in neonates [13–15, 37]. Overall 
these studies present a picture of increasing maturation of EEG 
activity being associated with decreased variability in cerebral 
oxygen extraction in infants. Therefore, our findings would sug-
gest that the brain had matured enough in our cohort of chil-
dren, either with or without SDB, so that cerebral oxygenation 
no longer had a significant relationship with EEG activity.

Table 2. Significant determinants of total, delta, theta, alpha, sigma, and beta power derived from C4 during N1, N2, N3, and REM sleep in the 
combined group of children with and without SDB children

R2 B β 95% CI of B P

Total power
 N1 0.33
  Age  −54.57 −0.41 −80.78, −28.33 <0.001
  LF power  −0.04 −0.30 −0.07, −0.01 0.008
  HF power  0.02 0.26 0.001, 0.04 0.01
 N2 0.14
  Age  −27.05 −0.21 −47.23, −6.87 0.009
  HR  −11.20 −0.34 −17.58, −4.81 0.001
 N3 0.11
  HR  −22.97 −0.20 −42.62, −3.33 0.01
 REM 0.20
  Age  −33.78 −0.28 −53.00, −14.58 0.001
  HR  −8.32 −0.28 −14.04, −2.61 0.005
Delta power
 N1 0.28
  Age  −43.55 −0.37 −67.89, −19.21 0.001
  LF  −0.04 −0.32 −0.07, −0.01 0.008
 N2 0.15
  HR  −9.75 −0.37 −14.77, −4.72 <0.001
 N3 0.10
  HR  −20.58 −0.19 −38.97, −2.19 0.01
 REM 0.15
  Age  −23.95 −0.21 −42.07, −5.83 0.01
  HR  −7.13 −0.26 −12.52, −1.73 0.01
Theta power
 N2 0.22
  Age  −12.67 −0.43 −17.01, −8.33 <0.001
 N3 0.17
  Age  −17.92 −0.26 −28.39, −7.45 0.001
  LF power  0.03 0.27 0.003, 0.061 0.01
 REM 0.17
  Age  −6.40 −0.28 −10.02, −2.79 0.001

LF = low frequency; HF = high frequency; HR = heart rate.
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We have identified that the significant determinants of EEG 
spectral power vary between brain regions for specific sleep 
stages. However overall, in both brain regions, age, HR, and HRV 
parameters were the predominant determinants of EEG spectral 
power, with age generally being the strongest determinant of 
decreasing total, delta, theta, and alpha power, and of increasing 
sigma and beta power, depending on the sleep stage and brain 
region. A  steady age-related reduction in EEG spectral power 
during NREM sleep has been demonstrated for delta, theta, 
alpha, sigma, and beta frequencies in healthy subjects across 
childhood, adolescence, and adulthood [38]. Early studies at-
tribute these changes across childhood to either ontogenetic 
alterations in cortical synaptic density, which peak at around 
10  years of age and then undergo reorganization during ado-
lescence [39], or to a higher level of synchronization of cortical 
neurons [40].

In our study, in addition to age, HR and HRV LF power were 
also significant determinants of either decreasing or increasing 
EEG spectral power, which varied according to sleep stage, brain 
region, and the EEG frequency examined. Mediation analysis 
identified that neither cerebral nor peripheral oxygenation me-
diated the effect of HR and HRV on EEG spectral power. This 
is supported by our recent research which identified that SDB 

ameliorates the relationship between autonomic cardiovascular 
control and cerebral oxygenation found in nonsnoring children 
[22]. However, it must be noted that our model did not explain 
all of the variance in the EEG spectral power and other physio-
logical parameters that were not included also have an impact 
on EEG spectral power. Cardiac activity has been demonstrated 
in humans to precede changes in EEG signals during sleep [41–
43], and a raft of rodent and human studies have demonstrated 
an association between autonomic control of HR and EEG spec-
tral power [20, 21, 43–47]. Studies in healthy adults [45, 48] and 
rats [44, 46] have reported that delta power was negatively cor-
related with the HRV LF/HF ratio, which reflects sympathovagal 
balance during NREM sleep. Delta power was also negatively 
correlated with HRV LF during NREM in humans [48]. A  small 
pilot study reported that EEG delta, sigma, and beta bands ex-
hibited a strong correlation with cardiac HRV parameters in dif-
ferent sleep stages in OSA patients [33]. This was confirmed in 
a later publication from the same authors, reporting data from 
8 healthy adults and 11 OSA patients [18]. Similar to our study, 
there were differences in the correlations between the different 
EEG spectral frequencies and the HRV parameters for the dif-
ferent sleep stages. This was apparent not only in the strength 
of the correlations but also in the direction of the correlations. 

Table 3. Significant determinants of total, delta, theta, alpha, sigma, and beta power derived from F4 during N1, N2, N3, and REM sleep in the 
combined group of children with and without SDB

R2 B β 95% CI of B P

Total power
 N1 0.33
  Age  −61.37 −0.42 −90.64, −32.10 <0.001
  LF power  −0.04 −0.29 −0.08, −0.01 0.01
 N2 0.10
  LF power  0.14 0.28 0.03, 0.26 0.01
 REM 0.16
  Age  −40.02 −0.27 −63.71, −16.33 0.001
Delta power
 N1 0.30
  Age  −49.50 −0.40 −75.07, −23.94 <0.001
  LF power  −0.04 −0.29 −0.07, −0.01 0.01
 N2 0.10
  LF power  0.09 0.26 0.01, 0.18 0.01
 REM 0.14
  Age  −32.94 −0.25 −54.34, −11.55 0.003
Theta power
 N1 0.31
  Age  −10.96 −0.40 −16.48, −5.43 <0.001
 N3 0.17
  Age  −20.10 −0.28 −31.01, −9.19 <0.001
 REM 0.27
  Age  −7.44 −0.41 −10.19, −4.68 <0.001
Alpha power
 N1 0.16
  HR  −0.28 −0.28 −0.52, −0.04 0.01
Sigma power
 N2 0.22
  Age  1.74 0.44 1.16, 2.32 <0.001
 N3 0.10
  Age  1.24 0.30 0.57, 1.92 <0.001
Beta power
 N2 0.06
  LF  0.001 0.24 0.00, 0.002 0.047

SDB = sleep disordered breathing; HR = heart rate; LF = HRV low frequency; TOI = tissue oxygenation index.

D
ow

nloaded from
 https://academ

ic.oup.com
/sleep/article-abstract/42/9/zsz118/5513436 by m

onash university user on 31 O
ctober 2019



Walter et al. | 9

A recent review of publications reporting on CNS and ANS coup-
ling during sleep in adults concluded that overall the data sug-
gest that HRV measures mainly reflecting parasympathetic 
modulation fluctuate together with EEG delta power, with the 
cardiac changes temporally preceding cortical changes [17]. 
These different findings, may suggest fundamental differences 
between adults and children with regard to the relationship 
between autonomic control of the HR and CNS control of the 
EEG waveforms. The relationship between cardiac and cortical 
changes in the other EEG spectral frequencies remains to be elu-
cidated in adults and our findings need confirmation with fur-
ther research.

EEG oscillations are the result of the interaction of large 
populations of neurons giving rise to rhythmic electrical events 
in the brain [49]. The frequency of these oscillations are deter-
mined not only by the overall activity of the brain, but also by 
the intrinsic properties of the neurons, and importantly, the 
function of the specific brain regions [50]. Therefore, to inves-
tigate regional differences in EEG spectral power, our data were 
analyzed for both the central and frontal brain regions. Our re-
search group [51] and others [52–54] have reported changes to 
the brain in children with SDB, using a range of MRI technolo-
gies. The current study suggests that these changes to the brain 
are not reflected in changes to EEG spectral power.

Our findings of no significant differences in sleep micro-
architecture, between nonsnoring controls and the SDB severity 
groups during any sleep stage, for any EEG spectral power are 
similar to previous studies by ourselves and others. A study that 
included 40 young adults, mean age 24.3 ± 4.9 years, with OSA 
(apnea hypopnea index [AHI] >5 events/h), reported a higher AHI 
was associated with a lower slow- (11–13 Hz)-to-fast (13–17 Hz) 
sigma ratio, however, AHI was not correlated with delta, theta, 
alpha, beta slow sigma, or fast sigma power [55]. We found that 
SDB severity, as indicated by the OAHI, was not a significant de-
terminant of EEG spectral power when derived from either brain 
region, confirming that SDB severity did not have a significant 
role in determining sleep micro-architecture in these children. 
This concurs with a previous study by our research group in 
7- to 12-year-old children with SDB that also reported no sig-
nificant differences in EEG spectral power between nonsnoring 
control children and children from all SDB severity groups [10]. 
However, there were significant differences in the distribution of 
EEG spectral power in delta, theta, and beta power as the night 
progressed between children with moderate/severe OSA and 
children with mild OSA, PS, or nonsnoring controls. The current 
study differs from the Yang et al. [10] study in that we included 
preschool-aged as well as 7- to 12-year-old children in the ana-
lysis. Other studies that have investigated EEG spectral power in 
children with SDB, focused their analyses on changes to spectral 
power surrounding respiratory events and arousals [7, 56], or re-
spiratory cycle-related EEG changes [8, 57].

We acknowledge that there are limitations inherent to 
measuring EEG spectral power and HRV spectral power, including 
noise in the EEG and ECG signals. EEG and ECG signal noise is 
much more difficult to recognize in the power spectrum than in 
the raw signals. The source of noise in the signals can be either 
physiological in nature, or can be caused by electrode contact 
movement. However, our raw EEG and ECG signals underwent 
a rigorous manual data reduction process whereby all epochs 
containing artifact were removed from further analysis. Age was 
a common significant determinant of EEG spectral power, and 

it is a limitation of the study that pubertal status of the chil-
dren was not recorded. Future research should include pubertal 
status and analyze the data in developmental groups.

Conclusion
Neither SDB severity nor cerebral oxygenation had a signifi-
cant effect on EEG spectral power in the children in our study. 
However age, HR, and HRV, were differentially predictive of 
EEG spectral power according to the region of the brain, sleep 
stage and the EEG frequency being analyzed. While age is a 
nonmodifiable factor, HR and autonomic control can be modi-
fied. Therefore, this study highlights the importance of the early 
detection of SDB in children before the adverse cardiovascular 
outcomes associated with SDB impact on brain activity reflected 
in alterations to EEG spectral power. Further research is needed 
to elucidate how the physiology that underlies our findings im-
pacts on the cardiovascular and neurocognitive sequelae in chil-
dren with SDB.
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