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Sleep macro-architecture and micro-architecture in children
born preterm with sleep disordered breathing
Martin Chan1,2, Tracy C. H. Wong1,2, Aidan Weichard1, Gillian M. Nixon1,3, Lisa M. Walter1 and Rosemary S. C. Horne1

BACKGROUND: Both preterm birth and sleep disordered breathing (SDB) affect sleep in children. We compared the effects of SDB
on sleep macro-architecture and micro-architecture in children born preterm (N= 50) and children born at term (N= 50). We
hypothesized that sleep would be more disrupted in children born preterm.
METHODS: Polysomnographic studies matched for age (3–12 years) and SDB severity were analyzed. Sleep macro-architecture was
assessed using standard criteria and micro-architecture was evaluated using spectral analysis of the electroencephalogram and
slow wave activity (SWA) calculated for each sleep stage across the night.
RESULTS: Ex-preterm children (gestational age 29.3 ± 3.6 weeks, mean ± standard error of the mean) were not different from
controls for demographic or respiratory parameters or sleep macro-architecture. Theta power in N2 tended to be higher for F4
(p < 0.05) and C4 (p < 0.07). In the second non-rapid eye movement period, SWA was significantly higher in the preterm group
compared to the term group for both F4 and C4 (p < 0.05 for both).
CONCLUSIONS: Sleep micro-architecture in children born preterm showed increased theta power and SWA. These differences
provide evidence of increased sleep debt and reduced dissipation of sleep debt across the night. Further studies are required to
identify if these findings are related to impaired neurocognition and behavior.
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INTRODUCTION
Preterm birth (<37 weeks of gestation) affects about 10% of births,
and globally around 15 million babies are born preterm each
year.1 Previously, we have shown that prematurity is associated
with altered micro- and macro-sleep architecture changes
indicative of reduced sleep quantity and quality in childhood.2

In that study, children aged 5–12 years were studied with
overnight polysomnography (PSG) and the children born preterm
had less total sleep time (TST) (by 64 min) and less non-rapid eye
movement (NREM) sleep, more wake after sleep onset (WASO),
and lower sleep efficiency, all indicating reduced and more
fragmented sleep patterns compared to those children born at
term. Consistent with these macro-architecture findings, sleep
micro-architecture assessed by spectral analysis of the electro-
encephalogram (EEG) showed reduced delta and sigma EEG
power, indicating less deep sleep (N3) and fewer sleep spindles.2

Reduced delta power and sleep spindles occur during recovery
sleep following sleep deprivation and the authors suggested that
this may reflect compensatory sleep recovery to repay sleep debt.
Spectral analysis of the EEG also allows quantification of slow
wave activity (SWA) reflecting the dissipation of delta power
across the night. SWA is a physiological marker of the homeostatic
regulation or drive for sleep and cortical maturation.3 It has been
suggested that alterations in SWA may be indicative of disruptions
to the normal developmental process and may result from early
brain insults that occur during critical periods of development as
frequently occuring in infants born preterm.4

Children born preterm are at increased risk of obstructive sleep
disordered breathing (SDB). SDB describes a spectrum of
respiratory disorders ranging from primary snoring (PS), which is
not associated with significant desaturation or sleep fragmenta-
tion to obstructive sleep apnea (OSA), which is characterized by
repetitive hypoxia, hypercarbia, and/or sleep disruption.5 SDB
affects 4–11% of children;6 however, population cohort studies
show that SDB is three to six times more likely in children born
preterm.7–9 This predisposition persists into adulthood, with twice
as many adults who were born preterm having OSA compared to
those born at term.10 It has been suggested that infants born
prematurely are predisposed to upper airway obstruction and
oxygen desaturation during sleep due to reduced upper airway
muscle tone, a highly compliant chest wall and high nasal
resistance.11 SDB in children born at term has been associated
with adverse effects on both the cardiovascular system12 and
daytime behavior and learning.13 It is thought that these adverse
outcomes are mediated by the repetitive hypoxia and sleep
disruption, which are associated with SDB.14 Studies using both
conventional PSG measurements of sleep macro-architecture and
spectral analysis of the EEG to assess sleep micro-architecture in
children born at term have not identified major changes in those
children with SDB.15 Preterm-born children are at increased risk of
daytime behavioral and learning problems, but how SDB impacts
on sleep in this group has not been assessed. Thus, the aim of this
study was to compare sleep macro-architecture and micro-
architecture in children with SDB born preterm with those born
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at term. We hypothesized that sleep would be more disrupted in
those children born preterm.

METHODS
Ethical approval for this project was obtained from the Monash
University and Monash Health Human Research Ethics Commit-
tees. Written informed consent to use sleep and demographic
data for research purposes was obtained from parents and verbal
assent from children when they attended the sleep study.
Between 2011 and 2016, 75 children (25 F/50 M) aged 3–12

years who had been born preterm (<37 weeks gestational age),
and 1402 age-matched children (589 F/813 M) who were born at
term (38–42 weeks gestational age) underwent overnight PSG for
assessment of SDB at the Melbourne Children’s Sleep Center. All
children were otherwise healthy with no comorbidities, such as
craniofacial syndromes, developmental disability, and genetic
syndromes as assessed by the referring clinician, and were not
taking any medications known to affect breathing or sleep. From
this cohort, 50 children born preterm were randomly selected, and
matched for month and year of study, age, gender, and SDB
severity with 50 children born at term.
Prior to commencement of the PSG study, children were

weighed and measured and body mass index (BMI) z-score was
calculated. Parents completed a demographics questionnaire
including gestation at birth. Socioeconomic status (SES) was
derived from the Australian Bureau of Statistics Index of Relative
Socioeconomic Advantage/Disadvantage (SEIFA) 2011 national
census data based on postal code.16 The SEIFA score has a mean
of 1000 with a standard deviation (s.d.) of 100 and is presented as
a raw score, with a higher score being indicative of higher income,
education, employment, occupation, and housing.
All children underwent standard overnight pediatric PSG,

recorded using either a Compumedics Series E or Grael Sleep
System (Compumedics, Melbourne, VIC, Australia). Briefly, EEG (Cz,
F3-A2, F4-A1, C3-A2, C4-A1, O1-A2, O2-A1), right and left
electrooculogram, submental electromyogram (EMG), left and
right anterior tibialis muscle EMG, and electrocardiogram record-
ings were obtained. Peripheral oxygen saturation was recorded
using a 2-s averaging time (Masimo Radical Oximeter; Masimo
Corporation, Irvine, CA, USA). Transcutaneous carbon dioxide was
recorded using TINA TCM4 (Radiometer, Copenhagen, Denmark).
Abdominal and thoracic respiratory parameters were measured
using inductance plethysmography (Pro-Tech zRIPTM Effort
Sensor, Pro-Tech Services Inc., Mukilteo, WA, USA). Oronasal
airflow (Sandman® BreathSensorTM, Child Airflow Thermistor, Tyco
Healthcare, UK) and nasal pressure (Salter Style®, Salter Labs, Arvin,
CA, USA) measurements were also obtained. All signals were
sampled at 512 Hz.

Sleep macro-architecture
Following the PSG study, sleep and respiratory events were scored
by trained pediatric polysomnographic technicians in 30 s epochs
according to standard criteria. Sleep was divided into NREM stages
NI, N2, and N3 and rapid eye movement (REM) sleep.17,18 All
respiratory events were >2 breaths in duration. An obstructive
apnea was defined as the cessation of airflow in association with
ongoing respiratory effort; an obstructive hypopnea was defined
as ≥30% decrease in nasal pressure signal amplitude, associated
with work of breathing and an arousal or ≥3% decrease in oxygen
saturation; a central apnea was defined as cessation of airflow
without inspiratory effort lasting either ≥20 s (s) or at least the
duration of two breaths associated with an arousal or ≥3% oxygen
desaturation, and a central hypopnea as ≥30% decrease in nasal
pressure signal amplitude with absent inspiratory effort through-
out the entire duration of the event. A mixed apnea was defined if
an event was associated with absent respiratory effort during one
portion of the event and the presence of inspiratory effort in

another portion, regardless of which portion came first.17,18 An
obstructive apnea hypopnea index (OAHI) was defined as the total
number of obstructive apneas, mixed apneas, and obstructive
hypopneas per hour of total sleep time (TST) and was used to
define SDB severity groups. Snoring during the PSG study was
documented by the sleep technicians. PS was defined as an OAHI
≤1 event/h; mild OSA as an OAHI >1–≤5 events/h; and moderate/
severe (MS) OSA as an OAHI >5 events/h. A central apnea
hypopnea index was defined as the total number of central
apneas and central hypopneas per hour of TST.
Standard measures of sleep quality were calculated for each

participant and included the following parameters. The duration
of each sleep stage (N1, N2, N3, REM) was expressed as a % of TST.
Wake after sleep onset (WASO) was calculated as the percentage
of time awake during the sleep period time (SPT), defined as the
amount of time in minutes from sleep onset until lights on at the
end of the study, including all periods of wake in between. TST
was defined as SPT excluding all periods of wake. Other variables
calculated included time in bed (TIB), sleep latency, REM latency,
and sleep efficiency. TIB was defined as the time between lights
off and lights on. Sleep latency was defined as the period from
lights off to the first 3 consecutive epochs of N1 sleep or an epoch
of any other stage. REM latency was defined as the period from
sleep onset to the first epoch of REM sleep. Sleep efficiency was
defined as the ratio of TST to TIB.

Sleep micro-architecture: spectral analysis
Micro-architecture was assessed using spectral analysis of the EEG
signal19 performed in Labchart 7.2 (ADInstruments, Sydney,
Australia). Raw EEG signals were recorded using a band-pass filter
ranging from 0.3 to 100 Hz and a sampling frequency of 512 Hz.
Spectral analysis was performed on both EEG channels (C4-M1
and F4-M1). To remove any low- or high-frequency artifact from
the signal, the EEG signal was digitally filtered using a band-pass
filter ranging from 0.5 to 30 Hz. 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 power (0.5–3.9 Hz),
theta power (4–7.9 Hz), alpha power (8–11.9 Hz), sigma power
(12–13.9 Hz), and beta power (14–30 Hz).15 Spectral analysis 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.20 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), and
the spectral edge frequency (SEF), below which 95% of the EEG
spectral power resides. A mean value for each frequency was
calculated for each 30 s epoch and then averaged per sleep stage
within each child.
SWA is expressed as delta power (0.5–3.9 Hz) and is greatest at

the beginning of the sleep period, gradually dissipating over the
night. SWA was averaged across each NREM period as determined
from sleep stage scored data. A NREM period was defined as the
succession of N2 or N3 of >15min duration that was terminated
by either one 30 s epoch of REM or a period of wakefulness of at
least 5 min duration. The first four NREM periods across the night
were analyzed.

Statistical analysis
Statistical analysis was performed using SigmaPlot (SigmaPlot
Version 13.0, Systat Software, San Jose, CA, USA). Data were first
tested for normality and equal variance. Demographic and PSG
data were compared between preterm-born and term-born
groups using paired two-sample Student’s T tests when normally
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distributed and Wilcoxon’s matched-pairs signed-rank tests when
not. EEG spectral parameters in each sleep stage between SDB
severity groups and SWA in each of the NREM periods across the
night were compared with two-way analysis of variance with
Student–Newman–Keuls post-hoc testing when normally distrib-
uted and Friedman two-way analysis of variance if non-parametric.
Pearson’s correlation analysis was used to test the relationship
between gestational age at birth and sleep and in the preterm-
born group. All data are presented as mean ± standard error of the
mean (s.e.m.) for ease of comparison, and a p value ≤0.05 was
considered statistically significant.

RESULTS
One child in each group was excluded from analysis due to artifact
in the EEG. Demographic data for the study cohort (N= 98) are
presented in presented in Table 1. Preterm-born children were
born between 23 and 35 weeks of gestation. There were no
differences between the groups for gender, age, height, weight,
BMI, BMI z-score, or SES at the time of the study. By design the
preterm-born cohort was born at significantly younger gestational
age (p < 0.001).

Sleep macro-architecture
Sleep macro-architecture and respiratory data are presented in
Table 2. There were no differences between the two groups for
any of the parameters recorded. There were no effects of
gestational age at birth on sleep macro-architecture or respiratory
parameters in the preterm-born group.

Sleep micro-architecture
Comparison between EEG power values for total power (0.5–30
Hz), SEF, delta power 0.5–3.9 Hz), theta power (4–7.9 Hz), alpha
power (8–11.9 Hz), sigma power (12–13.9 Hz), and beta power
(14–30 Hz) between children born preterm and those born at term
for C4 are presented in Fig. 1 and F4 in Fig. 2 for N1, N2, N3, and
REM sleep. There were no differences between groups for total
power, SEF, delta, alpha, sigma, or beta power in any of the sleep
stages. F4 theta power was significantly higher in N2 in the
children born preterm (p < 0.05) and this just failed to reach
statistical significance for C4 (p < 0.07).
In the children born preterm, when spectral power was plotted

against gestational age at birth, significant correlations were
found for C4 total power in N2 (r2= 0.093, p= 0.04), N3 (r2=
0.089, p= 0.04), and REM (r2= 0.101, p= 0.03), C4 delta power in
N1 (r2= 0.101, p= 0.03), N2 (r2= 0.141, p= 0.009), N3 (r2= 0.084,

p= 0.05), and REM (r2= 0.110, p= 0.03), C4 beta power in N2
(r2= 0.092, p= 0.04), and C4 alpha power in N2 (r2= 0.137, p=
0.011) and REM (r2= 0.128, p= 0.014). No correlations were found
for any of the F4 spectral indices.

SWA across the night
The time course of SWA across the night in preterm and term
children is presented in Fig. 3 for C4 and F4. As expected, SWA
dissipated over the night, being highest in the first NREM period
(NREMP1) and lowest in the fourth NREM period (NREMP4). In
term children, SWA in NREMP1 was higher than in NREMP2,
NREMP3 and NREMP4 and NREMP2 SWA was higher than
in NREMP3 and NREMP4 for both F4 and C4. In preterm children,
NREMP1 was higher than in NREMP2, NREMP3, and NREMP4, with
no differences between NREMP2 and NREMP3 and NREMP4. In
NREMP2 SWA was significantly higher in the preterm group
compared to the term group for both F4 and C4 (p < 0.05 for
both).

Effects of SDB severity on sleep micro-architecture
Children were divided into SDB severity groups (PS, mild OSA, MS
OSA) and data for EEG spectral parameters for C4 are presented in
Table 3, and compared between SDB severity groups within and
between the term and preterm groups. N2 SEF and beta power

Table 1. Demographic data of the ex-preterm and term children
studied

Ex-preterm Term P value

N 49 49

Gender 22F/27M 22F/27M NS

Gestational age (weeks) 29.3 ± 3.6 40.0 ± 0.0 P < 0.001

Age at study (years) 6.4 ± 3.0 6.3 ± 2.9 NS

Height (cm) 112.8 ± 19.8 118.7 ± 18.1 NS

Weight (kg) 23.2 ± 13.9 25.6 ± 13.0 NS

BMI 17.1 ± 4.2 17.3 ± 3.5 NS

BMI z-score 0.1 ± 1.4 0.5 ± 1.3 NS

SES index 5.6 ± 2.5 5.9 ± 2.1 NS

Values are mean plus or minus s.e.m.
BMI body mass index, SES socioeconomic status, NS not significant

Table 2. Sleep macro-architecture and respiratory characteristics of
the ex-preterm- and term-born children

Ex-preterm Term P value

Time available for sleep (min) 523.9 ± 32.2 529.3 ± 33.0 NS

Sleep period (min) 489.9 ± 39.6 484.0 ± 84.0 NS

Total sleep time (min) 447.6 ± 56.6 452.4 ± 74.8 NS

Sleep efficiency (%) 85.3 ± 8.3 86.6 ± 9.5 NS

Sleep latency (min) 33.0 ± 23.3 30.4 ± 23.3 NS

REM latency (min) 127.1 ± 48.4 127.7 ± 52.6 NS

WASO (min) 41.2 ± 33.2 33.6 ± 30.9 NS

N1% 7.1 ± 4.6 6.4 ± 3.9 NS

N2% 42.5 ± 7.2 44.9 ± 6.4 NS

N3% 28.5 ± 6.5 27.9 ± 5.3 NS

NREM% 78.1 ± 6.7 79.2 ± 4.6 NS

REM% 21.9 ± 6.7 20.8 ± 4.6 NS

Duration NREMP1 (min) 98 ± 7 107 ± 6 NS

Duration NREMP2 (min) 65 ± 3 61 ± 3 NS

Duration NREMP3 (min) 65 ± 3 57 ± 3 NS

Duration NREMP4 (min) 51 ± 3 55 ± 3 NS

OAHI (events/h) 5.9 ± 11.6 7.5 ± 10.6 NS

CnAHI (events/h) 2.2 ± 2.6 1.5 ± 1.4 NS

REM RDI (events/h) 13.1 ± 24.8 14.4 ± 22.3 NS

ArI events/h 14.0 ± 5.4 15.6 ± 6.8 NS

SpO2 nadir (%) 87.8 ± 7.7 89.9 ± 6.2 NS

Avg SpO2 drop (%) 3.7 ± 1.8 3.5 ± 1.4 NS

SpO2 >4% drop/h 3.4 ± 10.0 2.4 ± 5.4 NS

% Respiratory arousals 26.5 ± 20.1 31.4 ± 27.0 NS

Avg TcCO2 TST (mmHg) 47.6 ± 5.6 45.7 ± 5.5 NS

Sleep and respiratory characteristics of the ex-preterm and term children
were studied. NREM, non-rapid eye movement, REM rapid eye movement,
WASO wake after sleep onset, NREMP NREM period, OAHI obstructive apnea
hypopnea index, CnAHI central apnea hypopnea index, RDI respiratory
disturbance index, ArI arousal index
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were higher in the preterm group with MS OSA (p < 0.05 for both)
compared to the term group, N2 alpha power was lower in the
preterm group with mild OSA (p < 0.05), N3 SEF and alpha power,
and REM sigma power were lower in the preterm group with mild
OSA (p < 0.05 for all). F4 N2 and N3 alpha power and F4 N3 SEF
were also lower in the preterm group with Mild OSA (p < 0.05 for
all, data not shown). When comparing spectral parameters within
the preterm and term groups, there were no differences in any

EEG spectral parameter in awake or N1 sleep. In N2 C4 SEF and
beta power were higher in the MS OSA group compared to both
the PS and mild OSA groups in children born preterm. There were
no severity group differences in N2 in the term-born children. In
N3 F4 SEF and alpha were lower in the preterm group in those
children with mild OSA and within the preterm group those with
PS had higher SEF than those with mild OSA and those with MS
OSA had higher alpha than those children with mild OSA.
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Fig. 1 F4-derived electroencephalogram (EEG) power spectral analysis for total power, spectral edge frequency power, delta power, theta
power, alpha power, sigma power, and beta power, during N1, N2, N3, and REM sleep in preterm-born children (black bars) and term-born
children (gray bars). Data are presented as mean ± s.e.m.
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DISCUSSION
Preterm birth is associated with a number of adverse con-
sequences, including an increased risk of SDB. To the best of our
knowledge, this was the first study to assess the impact of SDB
on sleep macro- and micro-architecture in children born preterm
compared to a matched group of children born at term. We
found that although conventional clinical measures of sleep
quantity and quality were not different between the groups,
there were differences in sleep micro-architecture, assessed
using spectral analysis techniques. We found that in the groups
as a whole Theta power was higher in N2 sleep in the children

born preterm. SWA was also higher in the preterm group in the
second NREM period of the night, indicating that the dissipation
of SWA was reduced in these children at the start of the night.
When the children were divided into groups based on SDB
severity, the preterm children exhibited differences between
severity groups, particularly in N2 and N3 sleep, that were not
evident in the term children.
Previous studies by our group in children with SDB born at term,

using conventional polysomnographic measurements of sleep
macro-architecture have not identified major changes in those
children with SDB compared to non-snoring control children.15
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Fig. 2 C4-derived electroencephalogram (EEG) power spectral analysis for total power, spectral edge frequency power, delta power, theta
power, alpha power, sigma power, and beta power, during N1, N2, N3, and REM sleep in preterm-born children (black bars) and term-born
children (gray bars). Data are presented as mean ± s.e.m. * p < 0.05
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These findings have been supported by a number of other
studies.21–26 In contrast, other studies have identified small
decreases in the percentage of N3 sleep in children with OSA
compared to non-snoring control children27 and increased
percentage of N1 sleep.27,28

There are fewer studies examining the effects of preterm
birth on sleep macro-architecture in children. In the current
study of preterm-born children with SDB, we did not find
differences in sleep macro-architecture. In a previous poly-
somnographic study by our group in a smaller number of
preterm-born children (N= 15) without SDB, we reported
reduced total sleep time by 45–64 min with reduced NREM
sleep compared to term-born children (N= 20).2 In children,
similar to our study, the overall total amount of N2 sleep was
not different in children with SDB, but the duration of individual
N2 epochs were significantly reduced.22 After adenotonsillect-
omy, sleep stage durations were no longer different between
controls and children with SDB. The authors suggested that the
mean duration of individual epochs of N2, the stage that
occupies ~50% of the night in children, could provide a more
sensitive measure of the effects of SDB on sleep architecture
than conventional measures, which typically record only the
proportion of each sleep stage in relation to total sleep time.22

In contrast to the findings of our study and that of Chervin
et al.,22 a study of children born very preterm aged 6–10 years
found more night time awakenings and more N2 sleep with less
SWS, indicating more disrupted sleep macro-architecture.4 Our
findings of no difference in sleep macro-architecture suggest
that sleep macro-architecture is similarly affected by SDB in
both preterm-born and term-born children. The lack of any
significant differences between the term-born and preterm-
born children when comparing the duration of N2 and N3 and
REM sleep suggests that these essential stages of sleep are
strongly protected in children with SDB.
Our spectral analysis, which assessed micro-architecture,

found that Theta activity in N2 was significantly higher in
preterm children in F4 with a similar trend in C4. In adults,
increased spectral power density in delta and theta has been
found after sleep deprivation.29 Our findings that Theta power in
N2 was increased in the preterm-born children suggests that the
preterm-born children may have an increased sleep debt
compared to the children born at term. This idea is supported
by our finding that SWA was increased in N2 in the second
NREM period of the night in the children born preterm. This
suggests reduced dissipation of sleep debt. Previous studies in
pre-school children born at term with SDB showed both
increased accumulation and dissipation of SWA,30 with higher
SWA in the first NREM period (reflecting accumulation of sleep
debt) and higher levels still present in the fourth NREM period
(reflecting impaired dissipation of sleep debt). When children
were followed up 3 years after the initial study and re-grouped

into resolved SDB, unresolved SDB and control groups, both the
SDB groups had higher mean SWA in the first NREM period at
baseline and the resolved group (who had the highest OAHI at
baseline) showed an increase in SWA in the fourth NREM period
at baseline.31 The mean difference in SWA in the first NREM
period between the SDB groups and the control group
decreased at the follow-up and the increase in the fourth NREM
period was not apparent. The study showed that irrespective of
whether SDB completely resolves or not, children whose
quantitative sleepiness improved over time, as measured by
SWA at the beginning of the night, have improved sustained
attention and a reduction in externalizing behaviors. Thus,
increased sleepiness may underpin the increased disruptive
behaviors that are common in children with SDB.32 Previous
studies linking sleep macro-architecture have shown increased
N2 sleep and reduced slow wave sleep were associated with
increased total and behavioral difficulties, hyperactivity-inatten-
tion, and peer problems in very preterm-born children.4 In term-
born children with SDB, SWA dissipation was predictive of
deficits in problem solving and sustained attention, regardless
of SDB severity.33 Whether children born preterm with SDB
exhibit increased behavioral problems compared to their term-
born counterparts is yet to be elucidated.
When children were divided into SDB severity groups, we

identified differences between preterm and term children in N2,
N3, and REM sleep for SEF, beta, alpha, and sigma power, but
could identify no consistent trend in these. Importantly, we did
not identify any differences between groups in delta or theta
power, supporting the idea that these essential stages of sleep are
protected. Our finding that the preterm children exhibited
differences between severity groups, particularly in N2 and
N3 sleep, which were not evident in the term children, suggests
that SDB severity has a greater effect on sleep micro-architecture
in these children.
We acknowledge the limitations of our study. The study was

retrospective and we did not have access to data on birth weight
or neonatal history or behavior and neurocognition. All of the
children were referred for assessment of SDB and we did not have
access to a non-snoring control group of preterm children
recruited from the community. We acknowledge that we did not
adjust our significance levels to control for multiple statistical
testing and future studies with an even larger sample size should
do this in order to confirm our findings.
In conclusion, children born preterm with SDB exhibit similar

sleep macro-architecture but showed evidence of increased
sleep debt and reduced dissipation of sleep debt across the
night. These findings suggest the children born preterm should
be screened for SDB and more research needs to be done to
confirm our findings and identify if they are related to the
increased behavioral and emotional problems that are common
in children born preterm.
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Fig. 3 Slow wave activity across the night for F4 and C4 in preterm-born children (black bars) and term-born children (gray bars). Data are
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Table 3. The effects of sleep disordered breathing severity on C4 EEG spectral power in preterm and term children in awake, N1, N2, N3, and
REM sleep

Preterm Term

PS
N= 21

Mild OSA
N= 12

MS OSA
N= 16

PS
N= 18

Mild OSA
N= 9

MS OSA
N= 22

Awake

SEF 13.85 ± 0.55 14.13 ± 1.05 12.58 ± 0.75 14.62 ± 0.75 14.03 ± 1.03 13.54 ± 0.68

Total 1074.55 ± 148.45 1076.65 ± 406.78 1808.05 ± 605.24 2037.80 ± 1291.90 892.45 ± 192.73 1106.30 ± 158.27

Delta 867.07 ± 131.97 800.16 ± 323.44 1442.81 ± 523.93 1612.02 ± 1090.57 592.58 ± 142.45 857.74 ± 139.07

Theta 107.08 ± 23.64 153.60 ± 52.01 158.10 ± 44.88 211.80 ± 148.64 142.99 ± 42.11 103.70 ± 15.32

Alpha 41.20 ± 5.29 42.39 ± 12.87 53.40 ± 11.23 64.97 ± 25.79 65.68 ± 24.08 53.22 ± 5.82

Sigma 7.89 ± 0.91 9.74 ± 4.01 11.32 ± 3.31 16.17 ± 7.95 11.37 ± 3.47 10.06 ± 1.78

Beta 45.02 ± 7.86 59.88 ± 24.51 133.46 ± 81.72 118.85 ± 55.64 71.89 ± 28.80 74.47 ± 29.06

N1

SEF 9.84 ± 0.43 9.37 ± 0.40 9.95 ± 0.44 9.94 ± 0.35 9.61 ± 0.54 9.74 ± 0.39

Total 587.35 ± 50.99 624.01 ± 54.82 635.76 ± 57.69 527.67 ± 61.13 629.22 ± 115.98 584.09 ± 36.08

Delta 437.86 ± 38.95 466.83 ± 36.88 473.86 ± 38.37 413.07 ± 51.89 474.45 ± 105.85 427.07 ± 26.17

Theta 105.46 ± 12.61 112.12 ± 21.21 113.77 ± 23.35 75.27 ± 8.59 109.73 ± 19.75 110.54 ± 13.24

Alpha 17.62 ± 1.06 19.12 ± 2.13 20.53 ± 1.90 17.48 ± 1.85 21.40 ± 3.40 21.61 ± 1.91

Sigma 4.85 ± 0.57 4.67 ± 0.38 5.69 ± 0.59 4.62 ± 0.43 4.87 ± 0.56 5.03 ± 0.42

Beta 15.18 ± 1.41 14.84 ± 1.49 15.78 ± 1.83 12.63 ± 1.34 12.84 ± 0.85 13.82 ± 0.93

N2

SEF 8.63 ± 0.23†† 8.92 ± 0.37‡ 9.89 ± 0.36* 9.16 ± 0.21 9.11 ± 0.46 9.02 ± 0.28

Total 990.33 ± 70.06 877.70 ± 95.24 1115.34 ± 226.11 717.65 ± 48.91 934.53 ± 70.55 919.86 ± 53.43

Delta 755.99 ± 55.74 646.18 ± 53.89 761.09 ± 97.93 568.86 ± 39.02 725.91 ± 57.18 695.44 ± 39.42

Theta 178.43 ± 16.53 177.27 ± 51.76 282.14 ± 129.10 106.32 ± 9.09 140.87 ± 13.12 163.88 ± 25.08

Alpha 28.45 ± 1.98 25.29 ± 2.17* 35.57 ± 3.28 24.84 ± 2.84 36.28 ± 6.83 29.69 ± 2.24

Sigma 8.23 ± 0.79 9.05 ± 1.43 13.07 ± 1.68 8.43 ± 0.86 11.59 ± 3.11 11.09 ± 2.43

Beta 10.39 ± 0.60†† 10.34 ± 0.64# 13.84 ± 1.44* 9.09 ± 0.59 11.74 ± 0.76 11.54 ± 0.62

N3

SEF 5.49 ± 0.08 5.19 ± 0.09* 5.50 ± 0.20 5.24 ± 0.13 5.75 ± 0.18 5.43 ± 0.11

Total 4275.89 ± 308.87 4380.46 ± 340.07 4314.02 ± 429.38 3633.74 ± 271.82 4234.95 ± 496.19 4763.43 ± 322.10

Delta 3864.51 ± 286.94 3957.71 ± 313.82 3849.83 ± 371.39 3324.59 ± 259.92 3792.00 ± 436.12 4302.62 ± 302.67

Theta 343.56 ± 25.35 357.58 ± 58.59 381.50 ± 93.48 248.86 ± 19.38 355.57 ± 54.09 382.66 ± 36.15

Alpha 33.88 ± 2.82 28.56 ± 1.96* 42.75 ± 5.36 30.78 ± 3.55‡ 48.88 ± 10.02 40.04 ± 3.66

Sigma 6.78 ± 0.65 6.49 ± 0.86 9.82 ± 1.15 6.63 ± 0.72 9.78 ± 1.81 7.82 ± 0.94

Beta 8.48 ± 0.59 8.19 ± 0.48 10.59 ± 1.03 7.96 ± 0.59 9.47 ± 0.79 9.56 ± 0.56

REM

SEF 9.09 ± 0.35 8.47 ± 0.39 10.45 ± 0.85 9.08 ± 0.20 9.04 ± 0.41 9.19 ± 0.35

Total 492.03 ± 41.89 504.38 ± 49.84 480.04 ± 62.16 387.98 ± 26.22 513.64 ± 65.62 494.68 ± 37.11

Delta 357.38 ± 31.33 365.92 ± 37.27 344.06 ± 46.05 290.33 ± 19.49 377.75 ± 58.49 365.53 ± 29.64

Theta 99.97 ± 10.43 104.75 ± 14.07 98.64 ± 14.44 69.44 ± 7.16 99.05 ± 8.67 93.72 ± 8.13

Alpha 14.62 ± 0.98 14.78 ± 1.21 15.97 ± 1.58 12.78 ± 0.72 16.68 ± 1.89 15.91 ± 0.93

Sigma 2.93 ± 0.14 2.76 ± 0.21* 3.43 ± 0.21 2.81 ± 0.19 3.51 ± 0.27 3.31 ± 0.16

Beta 9.39 ± 0.72 8.43 ± 0.64 11.89 ± 1.79 8.04 ± 0.41 10.43 ± 0.78 10.02 ± 0.57

*p < 0.05 preterm vs. term, ††p < 0.01; PS vs. MS OSA, ‡p < 0.05; ‡‡p < 0.01; PS vs. mild OSA, #p < 0.05 Mild OSA vs. MS OSA
EEG electroencephalogram, PS primary snoring, MS moderate/severe, OSA obstructive sleep apnea, REM rapid eye movement, SEF spectral edge frequency
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