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Study Objective: To investigate respiratory cycle-related electroencephalographic changes (RCREC) in healthy children and in children with sleep
disordered breathing (SDB) during scored event-free (SEF) breathing periods of sleep.

Design: Interventional case-control repeated measurements design.

Setting: Paediatric sleep laboratory in a hospital setting.

Participants: Forty children with SDB and 40 healthy, age- and sex-matched children.

Interventions: Adenotonsillectomy in children with SDB and no intervention in controls.

Measurements and Results: Overnight polysomnography; electroencephalography (EEG) power variations within SEF respiratory cycles in the
overall and frequency band-specific EEG within stage 2 nonrapid eye movement (NREM) sleep, slow wave sleep (SWS), and rapid eye movement
(REM) sleep. Within both groups there was a decrease in EEG power during inspiration compared to expiration across all sleep stages. Compared
to controls, RCREC in children with SDB in the overall EEG were significantly higher during REM and frequency band specific RCRECs were higher
in the theta band of stage 2 and REM sleep, alpha band of SWS and REM sleep, and sigma band of REM sleep. This between-group difference
was not significant postadenotonsillectomy.

Conclusion: The presence of nonrandom respiratory cycle-related electroencephalographic changes (RCREC) in both healthy children and in
children with sleep disordered breathing (SDB) during NREM and REM sleep has been demonstrated. The RCREC values were higher in children

with SDB, predominantly in REM sleep and this difference reduced after adenotonsillectomy.
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INTRODUCTION

Childhood sleep disordered breathing (SDB) is character-
ized by an increased work of breathing, restless night sleep,
and excessive daytime sleepiness and has been associated
with cognitive impairment, behavioral disturbances, and early
cardiovascular changes that may predispose to an increased risk
of developing cardiovascular diseases.! Compared to normal
controls, children with SDB have elevated arousal thresholds
and impaired upper airway responses to respiratory stimuli,*?
and present a pattern of partial obstructive hypoventilation in
the absence of significant oxygen desaturation or arousals.*?
Importantly, obstructions in children with SDB are not always
terminated with cortical arousal as indicated by high-frequency
changes in EEG.® Cortical activation in children may occur, but
be too subtle to be visually scored. Thus, obtaining markers that
reflect brain activation associated with sleep related respiratory
loads is still a challenge in clinical practice. Studies have inves-
tigated changes in EEG spectra and arousal patterns associated
with central and/or obstructive apneas in children,” but such
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approaches still remain linked to visually identified and scored
respiratory events with polysomnography (PSG). Alternative
approaches to evaluate neural function in children with SDB
that do not rely on standard PSG EEG criteria include respira-
tory-related evoked potentials'®'' and autonomic responses to
arousals.!>!?

A different analytical approach toward the quantification of
SDB-related EEG changes was developed by Chervin et al.™* It
is based on measuring subtle changes in cortical activity that
occurs phase-locked with respiration, termed respiratory cycle
related EEG changes (RCREC). In the initial study, notable
differences in average EEG spectral powers linked to the phases
of the respiratory cycle were observed in a child with SDB
and these differences were reported to diminish after adeno-
tonsillectomy." In a subsequent study, similar observations
were made on a small group of children with SDB, in whom
RCREC during nonapneic sleep was reduced after adenotonsil-
lectomy and the change was correlated with improvement in
daytime sleepiness between baseline and follow-up.!® Chervin
et al. speculated that RCREC may represent numerous micro-
arousals in response to labored breathing that is well known to
occur in children with SDB, who hypoventilate for most of the
sleep periods outside of traditionally scored periods of apnea/
hypopnea and arousals. However, the physiological signifi-
cance of the RCREC is not yet clearly understood. Subsequent
studies by Chervin et al. in adult patients and children have also
shown that pretreatment RCREC correlates with daytime sleep-
iness and predicts postoperative improvement in sleepiness.'®'8
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In this current study, we sought to corroborate on the findings
by Chervin et al. in a substantial cohort of normal children and
children with predominately mild SDB. We investigated sleep
periods free of scored apnea/hypopneas, arousals, or artifacts
over the entire night duration to find (1) if frequency and sleep
stage-specific RCREC exists in normal children and to quantify
reproducibility, (2) if the magnitude of RCREC in children with
SDB differs significantly from that of healthy children, and (3)
if so, whether that difference diminished after the children with
SDB underwent adenotonsillectomy.

METHODS

Subjects

This study was approved by the Women’s and Children’s
Health Network Human Research Ethics Committee, South
Australia, with parental consent and child assent obtained from
all participants. Participants were 40 children aged 3.25-12.9 y,
with a history of frequent snoring, awaiting adenotonsillectomy
for suspected SDB, and a matched group of 40 nonsnoring
healthy controls. Both groups underwent overnight PSG to
evaluate sleep and breathing parameters. Children with SDB
had two PSGs; one before and one after surgical interven-
tion (adenotonsillectomy), whereas control children had two
PSGs at the same time points. It was ensured that participants
had not undergone previous ear, nose, throat, or craniofacial
surgery, had a medical condition (other than SDB) associated
with hypoxia or sleep fragmentation, or were taking medication
known to affect sleep or cardiorespiratory physiology.

Overnight PSG

Overnight PSG was conducted for all children if they were
well on the night of testing and free of sedation, sleep depri-
vation, or any recent illness including respiratory infection.
Overnight PSG began close to each child’s usual bedtime and
a parent was present throughout the procedure. The S-Series
Sleepwatch System (Compumedics, Australia) was used to
continuously record: electroencephalogram (EEG; C3-A2 and
C4-A1l), left and right electrooculogram (EOG), heart rate by
electrocardiogram (ECG), submental and diaphragmatic elec-
tromyogram (EMQG) with skin surface electrodes, leg move-
ments by piezoelectric motion detection, oronasal airflow by
thermistor and nasal pressure, respiratory movements of the
chest and abdominal wall using uncalibrated respiratory induc-
tive plethysmography (RIP) , arterial oxygen saturation (SpO,)
by pulse oximetry (Nellcor N595 with a 3-sec averaging time)
and transcutaneous CO,, using a heated (43°C) transcuta-
neous electrode (TINA, Radiometer Pacific, Melbourne, Vic.,
Australia). Each child was monitored continuously overnight
via infrared camera and by a pediatric sleep technician who also
documented observations of sleep behavior, including the pres-
ence or absence of snoring. A repeat study was performed on
average 28.0 +£ 5.0 w later (range, 19—42 w) in controls and
32.4+ 6.7 w later (range, 23—55 w) in children with SDB. Sleep
stages were scored visually in 30-sec epochs according to the
standardized EEG, EOG, and EMG criteria of Rechtschaffen
and Kales."” Movement time (> 50 % of an epoch obscured by
movement artifact) was scored as a separate category and was
not included in either sleep or wake time. Obstructive events
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were scored according to standard guidelines recommended
for paediatric sleep studies.”” The total number of obstructive
apneas, mixed apneas, and obstructive hypopneas divided by
the total sleep time and expressed as the number of events per
hour of sleep yielded the obstructive apnea’hypopnea index
(OAHI). The saturation of peripheral oxygen (SpO,) desatu-
ration index represents the number of > 3% oxygen desatura-
tions per hour of sleep. The body mass index (BMI) z-scores
were calculated using the height and weight of the children
measured on the night of PSG along with established growth
charts corrected for age and sex.”!

Data Analysis

Respiratory data from the rib cage (RC) RIP channel and
EEG data from C3-A2/C4-Alwere extracted from PSG data
using the programming library libRASCH and analyzed using
custom-written algorithms developed with the signal processing
toolbox in MATLAB (The Mathworks Inc., Natick, MA). In the
current study, stage 2 nonrapid eye movement (NREM) sleep,
slow wave sleep (SWS; stages 3 + 4) and rapid eye movement
(REM) sleep were considered. Sleep stage 1 was omitted from
analysis because of insufficient amount of time spent in that
stage. To analyze nonapneic breathing cycles, artifact-free
uninterrupted sleep durations were retained by excluding all
portions of data falling within durations identified and scored
by the sleep technician as body movements or abnormal cardio-
respiratory events (e.g., apnea, hypopnea, arousals). Retained
periods of sleep are referred to as scored event-free periods
(SEF) throughout this study. Within each sleep stage, the RC
signal during retained SEF 30- sec epochs were extracted and
used for further analysis.

Details of RCREC computation have been previously
published.” Briefly, each respiratory cycle was divided into
four segments: early/late inspiration (Insl, Ins2) and early/
late expiration (Expl, Exp2) based on expiratory and inspi-
ratory onsets and their midpoints located on thoracic excur-
sion signal. The average EEG power was calculated for each
respiratory segment. To obtain normalized segmental EEG
power, power in each segment was divided by the EEG power
of the whole respiratory cycle and a value of 1 subtracted
from this ratio. Both segmental powers and normalized
segmental powers were averaged across all SEF respiratory
cycles within a given sleep stage. The maximum difference
between the averaged normalized segmental powers within
the four respiratory phases was defined as RCREC. The
aforementioned steps were performed on the overall EEG
and band-pass filtered EEG, which was obtained using fifth-
order elliptic digital filters corresponding to delta (0.5-4 Hz),
theta (4-8 Hz), alpha (8-12 Hz), sigma (12-15 Hz), and
beta (15-30 Hz) frequencies. Thus, in each subject, mean
segmental powers, normalized mean segmental powers and
RCREC were computed from both overall EEG and frequency
band specific EEG within each sleep stage.

To test whether frequency band and sleep stage-specific
RCREC values in normal children reflect nonspurious phase-
locked EEG cycling, we generated phase-randomized EEG
surrogates using the EEG data from the baseline overnight
PSG. The Fourier transform approach was used to generate
surrogates that retain the power spectrum of the original EEG,
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by transforming the original
data into the frequency domain Table 1—Subject demographics, sleep and respiratory parameters for the baseline and follow-up poly-
using fast Fourier transform somnography
(FET), randgmizing thf? Phésesa Baseline Follow-up
and converting back into time Control (1=40) SDB(n=40)  Control (n=36) SDB (n=32)
domain using the inverse FFT.? Ade 75426 75427 82426 78426
To compare the RCREC g8,y S S o N
approach  with  conventional Sex, n males (%) 20 (50) 24 (60) 19 (52.7) 20 (62.5)
EEG analysis, we performed BMI percentile (%) 60.7£26.4 65.8 £31.9 61.5+25.9 71.7£29.2
power spectrum analysis of TST (min) 4469+ 37.3 425.6 £59.5 451.5+50.5 437.3+53.9
EEG in 30-sec SEF epochs with Stage 2 sleep (% TST) 442+69 424462 476+48 422+ 74%
]a; no(rilparam;‘irlc \lelThalgomﬁlfg SWS (% TST) 322463 34.4£65 30.0£5.0 33746.2%
ased on the Welch metho REM sleep (% TST) 206+ 3.9 197457 195+35 206+3.3
with a Hamming window and
50% overlap between segments. SAl 94127 84124 92127 94129
The spectral power in different RAI® 0404 32x4.2% 0505 0807
frequency bands was estimated (median, range) (0.3,0-1.7) (1.1,0-17.0) (0.4,0-2.4) (0.6, 0-2.6)
with respect to the overall spec- SpO, nadir 929+19 90.6 £5.7* 931+16 91.0 3.1
tral power of the EEG and SpOZ'desaturation index? 08+0.8 5.1 +£9.4% 08+0.7 1.5+£09**
expressed as delta power, theta (median, range) (0.8, 0-4.9) (1.3, 0-53.1) (0.6, 0-3.0) (1.0, 0-3.1)
power, alpha power, sigma OAHI? 0.1+0.2 5.0+ 9.0 03+0.3 1.0+02*
power, and beta power percent- (median, range) (0.1,0-0.9) (0.9, 0-49.8) (<0.1,0-0.5) (0.2, 0-3.2)
ages, respectively.
Data are presented as mean + standard deviation. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001. 2Analysis
Statistical Analvsis using transformed values. BMI, body mass index; OAHI, obstructive apnea-hypopnea index; RAl, respiratory
D y lvzed . arousal index; REM, rapid eye movement; SAIl, spontaneous arousal index; SDB, sleep disordered breathing;
ata .W.ere analyzed using TST, total sleep time. Data are presented as mean + standard deviation.
the statistical software SPSS

(IBM, Boston, Mass: Interna-

tional Business Machines Corp,USA) version 18 and the Prism
(GraphPad Software Inc., San Diego CA) version 5.01 for
Windows (Microsoft, Washington, USA). Normality of data
distribution was tested using the Kolmogrov-Smirnov tests.
Student #-test and one-way analysis of variance (ANOVA) were
used to compare demographic data and PSG results between
groups. To test for within-group sleep stage-specific respiratory
cycle-related changes in mean EEG power in normal children
as well as those with SDB, we performed one-way ANOVA and
post hoc multiple comparisons using Tukey method. To test for
differences between RCRECs computed using original and
phase-randomized surrogate EEG, we used two-way ANOVA
followed by Bonferroni multiple comparison tests. Reproduc-
ibility of RCREC was investigated based on the repeat PSG
of normal children, using intra-class correlation reliability
analysis with a two-way mixed model. To test for differ-
ences between normal children and children with SDB in the
overall and frequency band-specific RCREC within each sleep
stage, we performed two-way ANOVA. Post hoc analysis was
performed using Bonferroni multiple comparison tests. To vali-
date significant between-group differences in RCREC values, a
two-way ANOVA test with controls versus SDB as one factor
and baseline versus follow-up as the other factor was used to
test for interaction effects. To test for frequency band-specific
differences in conventionally estimated EEG power spectra,
we used two-way ANOVA. Associations between RCREC and
subject demographics and PSG results were determined using
Pearson or Spearman correlation analysis as appropriate. All
data were normal distributed, presented as mean + standard
deviation, and P < 0.05 was considered statistically significant
unless stated otherwise.
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RESULTS

Subject Characteristics and PSG Results

Results of overnight PSG have been reported earlier.
Briefly, baseline PSG confirmed the presence of respiratory
abnormalities in the children with SDB, who had a signifi-
cantly higher OAHI, elevated respiratory arousals, increased
frequency of SpO, desaturations, and a significantly lower mean
SpO, nadir compared to controls. Overall, the degree of SDB
can be considered mild to moderate (OAHI: 5.0 + 9.0). There
were no significant differences between groups with respect
to sleep architecture in the baseline PSG (Table 1). Follow-up
PSG data suitable for analysis were available for 36 of the 40
normal children and 32 of the 40 children with SDB. Following
adenotonsillectomy, there was a marked reduction in OAHI,
SpO, desaturation frequency, and respiratory arousal rate in
the SDB group. However, on average, those children still had
a small but significantly higher OAHI and SpO, desaturation
frequency and lower SpO, nadir compared to normal children
(Table 1).

24-26

RCREC in Normal Children

Example traces of raw EEG and EEG power averaged over
four respiratory phases along with the thoracic RIP signal are
shown in Figure 1. Although no clearly discernible phase-
locked EEG pattern is visible, averaging of EEG power for
all artifact-free nonobstructed respiratory cycles throughout
the night resulted in statistically significant respiratory cycle-
related changes in EEG power.

A significant effect of the respiratory phase on mean
segmental EEG power was observed in stage 2, SWS and REM

Respiration-Related EEG in Children—Immanuel et al.



sleep. Within the control group, one-way ANOVA between the segment, was observed. Multiple comparisons between the
four mean segmental EEG powers, averaged over all subjects,  segmental EEG powers showed a significant difference
showed significant respiratory cycle effect in stage 2, SWS, and between late inspiration (Ins2) and late expiration (Exp2). This
REM sleep (Table 2). A trend of EEG power to decrease during observation was consistent in all three stages and in both groups
inspiration, followed by an increase toward the late expiratory at baseline and follow-up studies as shown in Figures 2A and
2B. There were further significant intersegmental differences,
which were less consistent than the Ins2 versus Exp2 difference,

4 T T T T T

— — — respiration but support the overall finding of inspiratory fall and an expira-
N EEG | tory rise in total EEG power (Figure 2).
segmental power

In the control group, RCREC values derived from real
EEG data were significantly higher than those from the phase-
randomized EEG surrogates, in all stages of sleep (Figure 3:

Table 2—Within-group one-way analysis of respiratory cycle related
changes in overall electroencephalograph power within stage 2, SWS,
and REM sleep in control and sleep disordered breathing groups at
baseline and follow-up polysomnography

Stage 2 SWsS REM
3t A Control Baseline 0.0003 ** 0.003* 0.0005***
Follow-up 0.001** <0.0001***  0.003*
_4 1 1 1 1 1
0 5 10 15 20 25 SDB Baseline 0.008** 0.0004 *** 0.04*
time (sec) Follow-up 0.001*  <0.0001**  0.01*
Figure 1—Example plot of raw electroencephalograph (EEG) and EEG
power segmented into four respiratory phases during nine nonapneic *P<0.05,**P<0.01, **P <0.005, ***P < 0.001. SDB, sleep disordered
respiratory cycles in a control subject during stage 2 sleep. breathing; SWS, slow wave sleep; REM, rapid eye movement.

i Stage 2 SWS REM
1.2- - 1.2+ " 1.3+ = SDBA
) . ! -~ Control A
i X 1 1.24 *
_ 1.1 _ 11 . [ —
& N N
2 2z Z 144
E 1.0 5 1.01 5
H 3 S 1.0
P 4 P
0.9+ 0.97 0.9-
0.8 T T T T 0.8 T T T T 0.8 T T T T
Ins1 Ins2 Exp1 Exp2 Ins1 Ins2 Exp1 Exp2 Ins1 Ins2 Exp1 Exp2
Respiratory segments Respiratory segments Respiratory segments
B Stage 2 SWS REM
=+ SDBB
- - Fkdkk -
12 _ 12 L — 12 -o- Control B
+ , I |
1 *
S rr—
JREEE JRERE — ol ——
B S S
S = =
5 1.04 5 1.0 5 104
3 3 s 1
o o )
& 0.9 & 0.9 o
0.9
0.8 T T T T 0.8 T T T T T T T T
Ins1 Ins2 Exp1 Exp2 Ins1 Ins2 Exp1 Exp2 Ins1 Ins2 Exp1 Exp2
Respiratory segments Respiratory segments Respiratory segments

Figure 2—Mean electroencephalograph power of the four respiratory segments (Ins1, Ins2, Exp1, and Exp2) averaged across subjects within the control and
sleep disordered breathing (SDB) group (A) at baseline (B) at follow-up polysomnography (*P < 0.05, **P < 0.01, ***P < 0.001). REM, rapid eye movement
sleep; SWS, slow wave sleep.
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Figure 3—Comparison of respiratory cycle-related electroencepholographic changes (RCREC) between original electroencephalograph (EEG) and its
phase-randomized surrogate in delta, theta, alpha, sigma, and beta frequency bands with respect to sleep stage within the control group at baseline PSG
(*P<0.05,*P<0.01, P <0.005, ***P <0.001). REM, rapid eye movement sleep; SWS, slow wave sleep.
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Figure 4—Scatterplots of respiratory cycle-related electroencephalographic changes (RCREC) between baseline and follow-up polysomnography within the
control group in (A) overall EEG, and (B) delta, (C) theta, (D) alpha, (E) sigma, and (F) beta frequency bands. The intraclass correlation coefficients of each
band within each sleep stage are shown. REM, rapid eye movement sleep; SWS, slow wave sleep.

ANOVA group effect: stage 2: P < 0.0001; SWS: P < 0.0001;
REM: P < 0.0001). Post hoc comparison with respect to EEG
frequency bands demonstrated higher than random RCREC
values for delta, theta, alpha, and sigma frequency bands in
any sleep stage, except sigma in REM sleep. Results for alpha
were less consistent during SWS and REM sleep. Beta RCREC
values were higher than random only in SWS and not in stage
2 and REM.

In a two-way ANOVA comparing baseline and repeated PSG
of normal children, none of the sleep stages (2, SWS, REM)
showed significant difference in RCREC. To test for reproduc-
ibility, we performed intraclass correlations between the two

SLEEP, Vol. 37, No. 8, 2014

PSGs, on the overall and frequency band-specific RCRECs
within each sleep stage. Scatterplots of RCREC measure
between baseline and the follow-up PSG along with the correla-
tion coefficients are shown in Figure 4. Based on the associations
observed, overall RCREC showed relatively high reproduc-
ibility (intraclass correlation coefficient in stage 2: 0.81; SWS:
0.80; REM: 0.79) (Figure 4). Reproducibility of frequency
band-specific RCRECs was slightly weaker than for overall
EEG in delta (intraclass correlation coefficient: stage 2: 0.75;
SWS: 0.76; REM: 0.64) and theta bands (intraclass correlation
coefficient: stage 2: 0.75; SWS: 0.76; REM: 0.69) (Figure 4).
RCREC measured in the alpha, sigma, and beta frequency ranges
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Figure 5—Comparison of respiratory cycle-related electroencephalographic changes (RCREC) between control and sleep disordered breathing (SDB)
groups in the overall electroencephalograph and in delta, theta, alpha, sigma, and beta frequency bands with respect to sleep stage (A) at baseline (B) at
follow-up PSG (*P < 0.05, **P < 0.01 using two-way analysis of variance). * indicates significant interaction effect between baseline and follow-up studies in
frequency band-specific RCREC (*P < 0.05, M P < 0.01). REM, rapid eye movement sleep; SWS, slow wave sleep.
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showed poorer reproducibility, particularly during REM sleep.

(Intraclass correlation coefficients: alpha - stage 2: 0.64; SWS:
0.6; REM: 0.35; sigma - stage 2: 0.59; SWS: 0.41; REM: 0.14;
beta - stage 2: 0.57; SWS: 0.33; REM: 0.15).

RCREC in Children with SDB
Similar to the control group, a within-group one-way
ANOVA showed significant respiratory cycle- related changes

in EEG power in all stages of sleep in the SDB group (Table 2).

SLEEP, Vol. 37, No. 8, 2014

Post hoc multiple comparisons showed an inspiratory decrease
in power, followed by an increasing trend toward the late expi-
ratory segment (Figure 2). The magnitude of RCREC in overall
EEG and in frequency band- specific EEG was compared
within each sleep stage, between children with SDB and the
controls (Figure 5). RCREC values of overall EEG were higher
in the SDB group during REM sleep (Figure 5A). Two-way
ANOVA of frequency band-specific RCRECs in each sleep
stage showed a significant group difference in all three stages of
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Table 3—Relative electroencephalograph power across standard frequency bands for different sleep stages in controls and children with sleep disordered

disordered breathing; SWS, slow wave sleep; REM, rapid eye movement.

breathing
Control SDB
Frequency band Stage 2 SWS REM Stage 2 SWS REM P
Delta (%) 84+42 90+3.1 86 + 3.4 84+42 89+36 85+4.0 0.7
Theta (%) 11+38 76+23 105+2.5 11.8+29 8.1+£23 1.3+25 0.9
Alpha (%) 28+141 14+09 1.8+0.9 25+141 14+£1.0 19+12 0.2
Sigma (%) 12707 0.61+05 0.67+0.4 1.08+0.5 0.68 + 0.4 0.73+0.3 0.7
Beta (%) 0.76£0.2 0.38+0.2 0.68+0.3 07004 043104 0.61+04 0.5

Data are presented as group mean and standard deviation. P values represent group effect test results of two-way analysis of variance. SDB, sleep

sleep (ANOVA group effect: stage 2: P=0.01; SWS: P=0.04;
REM: P < 0.0001). Post hoc multiple comparisons demon-
strated significantly higher RCREC values in the SDB group in
the theta band of stage 2 and REM sleep, alpha band of SWS
and REM sleep, and sigma band of REM sleep. The RCREC
values in the delta band tended to be higher in the SDB group
during REM sleep, but the difference did not reach statistical
significance (P =0.051) (Figure 5A).

Following adenotonsillectomy the RCREC levels of chil-
dren with SDB in both the overall EEG and in frequency-
specific bands were no longer statistically different from those
of normal children (Figure 5B) (ANOVA group effect: stage 2:
P=0.4; SWS: P=0.6; REM: P = 0.6)]. A two-way ANOVA to
test group-by-time interaction effects on those frequency band-
specific RCREC values that were significantly higher in the
SDB group at baseline study (theta band of stage 2 and REM
sleep, alpha band of SWS and REM sleep, and sigma band of
REM sleep) showed significant interaction effects in alpha band
of SWS (P = 0.04) and theta (P = 0.01) and sigma (P = 0.008)
bands of REM sleep (Figure 5A). Repeated measures two-way
ANOVA of children with SDB confirmed a significant decrease
in RCREC of'total EEG power in REM sleep following surgery
(P=10.001). Paired comparisons between their RCREC during
REM in each frequency band before and after surgery showed
a significant decrease in theta RCREC (P = 0.01) and sigma
RCREC (P =0.01) post-intervention.

Results of conventional power spectral analysis of EEG
showed no significant differences between children with SDB
and controls (Table 3).

Clinical Correlates of RCREC

No significant correlations between frequency band-specific
RCREC values and age or BMI were observed, and the measures
were not significantly different between the two sexes in any
of the sleep stages or in either group of children. Within the
SDB group, the RCREC of overall EEG, but not the frequency
band-specific RCRECs, was found to have a weak yet signifi-
cant association with the spontaneous arousal index (SAI) in all
three sleep stages (ss2: r = 0.35 SWS: r=0.35 REM: r = 0.36,
all P <0.05). Also, the RCREC of total EEG power showed a
weak positive correlation with BMI in the SDB group in REM
sleep (r=10.353, P < 0.05) but not in the NREM stages of sleep.
None of the RCREC measures correlated with the OAHI in any
of the sleep stages.
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DISCUSSION

The main findings of our study were: (1) significant,
nonrandom variations in EEG power phase-locked to event-free
breathing cycles in healthy children as well as in children with
SDB, where the mean EEG power tended to be lower during
inspiration than expiration; (2) sleep stage-specific increases in
RCREC of theta, alpha, and sigma power in children with SDB
compared to normal children; and (3) normalization of RCREC
values in SDB children postadenotonsillectomy.

Our study confirms the existence of RCREC in normal chil-
dren and those with SDB that has been previously reported in
a small group of children by Chervin et al.'"*!* Our data also
confirm the reduction in RCREC to normal levels following
adenotonsillectomy. Chervin et al. reported elevated RCREC
in five children with SDB compared to five normal children in
both delta and theta power and a significant correlation between
theta RCREC and apnea-hypopnea index (AHI). By using a
considerably larger data set, we were able to extend on earlier
reports significantly. We incorporated a sleep stage-specific
analysis of the RCREC phenomenon and confirmed signifi-
cantly higher theta RCREC in stage 2 and REM sleep, and in
addition observed higher alpha RCREC in SWS and REM; all
of these changes normalized after surgery. However, we were
not able to confirm elevated RCREC in the delta band or signif-
icant associations between RCREC measures and OAHI. These
discrepancies could be attributed to methodological differences
between the studies as we have analyzed the entire night sleep
data, within a given sleep stage, on a larger cohort of 40 control
children, none of whom underwent any surgery, and on 40
children with predominantly mild to moderate SDB (OAHI:
5.0 +9.0). The earlier study by Chervin et al.'” has looked at the
first 3 h of night sleep, taking no sleep stage effects into account,
on a group of five controls (four children underwent adenoton-
sillectomy and one underwent hernia repair) and five children
with SDB with a similarly wide range of obstructive apnea
index (OAI) and AHI indices [OAIL: 2.7 to 38.2 (11.9 + 14.8)
and AHI: 4 to 55.6 (17.3 £ 21)].

Previous studies on RCREC relied largely on observa-
tional data. To validate methodological aspects of the RCREC
approach we performed surrogate analyses with phase-random-
ized EEG and were able to demonstrate that the RCREC
phenomena are present also in normal children. Importantly,
they cannot be solely attributed to random effects, which
yielded significantly lower RCREC values of approximately
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0.05 (i.e., REM: 0.06 + 0.03 in delta bands, 0.05 = 0.03 in theta
bands and 0.05 = 0.02 in alpha bands). Reproducibility assessed
by intraclass correlation analysis was better in RCREC derived
from the overall EEG when compared to those derived from
frequency band-specific EEGs. Among frequency band-specific
EEGs, reproducibility varied across sleep stages with highest
reproducibility observed in delta and theta power during SWS
and poorest reproducibility in sigma power during REM sleep.
Unless a clear physiological rationale for frequency-specific
RCREC analysis is established, its estimation based on total
EEG power may be more reliable and avoid spurious results.

RCREC in nonapneic sleep have been shown in healthy
adults”” and in patients with obstructive sleep apnea syndrome,'®
providing mounting evidence for RCREC. Its physiological
basis, however, in particular during sleep, remains largely
unknown. EEG changes linked to respiration have been demon-
strated in awake subjects with an increase in EEG power during
inspiration, which is opposite to what has been observed during
sleep.?® Increased rhythmic fluctuations in intracranial pres-
sure during sleep have been shown to affect EEG.?’ Chervin
et al. showed a relation between esophageal pressure and sleep
RCREC, suggestive of a possible hemodynamic explanation.*
In awake adults, the electrical activity of the brain has been
shown to respond to hemodynamic changes in the brain and
carotid pressure swings.’!*2 Further, correlated slow fluctuations
in EEG, respiration, and cerebral blood flow-dependent func-
tional magnetic resonance imaging signals have been demon-
strated previously.*® Differences in respiratory phase-related
EEG changes were shown between nasal and mouth breathing in
awake adults.*** It has been suggested that these EEG changes
during wakefulness are linked to the olfactory sampling.*® In
our study, RCREC of overall EEG power within the SDB group
showed a weak positive association with the SAI, suggestive of
a link between respiratory-modulated cortical activity and the
spontaneous arousal process. In support of neural mechanisms
involved in generating increased RCREC, cortical processing
of respiratory-related information was measured in children
with OSA, as respiratory-related evoked potentials during sleep
and their responses were found to be blunted compared to those
in control children."" Cortical processing of airway occlusion-
related afferents were also found abnormal in awake adults with
severe obstructive sleep apnea syndrome.’” Indicative of neural
pathways mediating RCREC, left versus right nostril breathing
was shown to have a significant effect on spatial EEG activity.*®

Findings from our study extend previous evidence® that,
compared to controls, RCREC values are higher in children with
SDB during SEF periods, though the differences in our study
were not consistent in all sleep stages and in every frequency
band of the EEG. Chervin et al. speculated that higher RCREC
values in children with SDB may reflect repetitive micro-
arousals that translate into neurological consequences and
daytime sleepiness, although the evidence was solely based on
correlation analyses. In our data, associations between RCREC
and OAHI indices did not reach statistical significance as had
been previously demonstrated.'> This might be attributed to the
fact that our study cohort comprised children with mostly mild
SDB.

Interestingly, significantly elevated RCREC values were
observed in children with SDB almost exclusively in REM
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sleep. From a physiological point of view, REM sleep is char-
acterized by cortical activation that is distinctly different from
all other stages sleep. This may indicate alterations in neural
processes in SDB children. However, in particular REM sleep
results in respiratory instability in children with SDB, which
may modulate RCREC via hemodynamic pathways.

In conclusion, our study demonstrated the presence of
nonrandom RCREC in both healthy children and in children
with SDB during NREM and REM sleep. The RCREC values
were higher in children with SDB, predominantly in REM sleep
and this difference reduced after adenotonsillectomy. A better
understanding of the mechanisms implicated in the RCREC
phenomenon is crucial for establishing its clinical utility for
diagnostics of SDB.
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