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BACKGROUND: Executive functioning (EF) deficits are frequently observed in preterms. EF development is linked to the prefrontal
cortex and sleep-regulating homeostatic processes. As sleep is an essential driver of early brain maturation, curtailment of sleep in
the NICU may be unfavorable. This study examined whether neonatal sleep behavior influences EF at 2 years corrected age in
preterm children.

METHODS: 76 preterm infants ( < 34 weeks gestation and/or 1500 g) underwent overnight polysomnography before discharge.
Sleep stages—Total Sleep Time, Active Sleep (AS), Quiet Sleep (QS) and Transitional Sleep—were quantified using an automated
sleep algorithm. EF was assessed at 2 years corrected age, focusing on spatial working memory, cognitive flexibility, and inhibitory
control. General linear models were used, adjusting for confounders.

RESULTS: More Total Sleep Time was significantly associated with higher overall EF scores, and the subtest for spatial working
memory. AS and QS durations were influenced by postmenstrual age. Longer AS bouts were linked to increased Total Sleep Time.
However, individual AS or QS percentages were not directly associated with EF. Higher levels of Transitional Sleep were related to
lower EF performance.

CONCLUSIONS: Neonatal sleep duration is positively associated with better EF outcomes at 2 years. Protecting sleep in the NICU
may support early brain development and executive functioning.

Pediatric Research; https://doi.org/10.1038/s41390-026-04784-0

IMPACT:

® This study links objective neonatal sleep measurements—using polysomnography and automated sleep staging—with later
executive functioning development in preterm children.
® Neonatal sleep duration, particularly Total Sleep Time, is positively associated with executive functioning at 2 years in children

born preterm.

® This study highlights neonatal sleep as a potential early marker of altered brain development.
® The findings support the importance of protecting and improving sleep in the NICU as a possible modifiable factor that could

enhance early brain maturation and neurodevelopment.

INTRODUCTION

Despite a decline in neonatal death and severe cerebral palsy,
there remains a high incidence of cognitive impairment, social
and emotional challenges and altered executive functioning (EF)
among children and young adults born preterm.”™ The
immature brain is vulnerable to both primary injury as well as
secondary alterations in brain development® and numerous
studies have shown morphological alterations of the frontal and
temporal brain regions associated with these deficits.°® Under-
standing the effect of early key factors during the period spent
in the neonatal care unit (NICU), that may modulate early brain
dysmaturation and their neurodevelopmental consequences,

can improve early care practices and neuroprotective strate-
gies.? EF reflects the integrity of early brain networks and begins
to emerge well before formal diagnoses of neurodevelopmental
conditions are possible. Because EF can be impaired across a
wide range of conditions (including autism spectrum disorder,
attention deficit hyperactivity disorder, and learning disabilities)
—all of which are more common in preterm populations), it
serves as a valuable early marker of atypical development.'
Moreover, EF strongly predicts long-term functional outcomes,
including behavioral and social competence and academic
performance.’’ Importantly, EF skills are amenable to improve-
ment through early intervention,'? making EF a promising and
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modifiable indicator of neurodevelopmental risk—especially
relevant for children born preterm.

Electroencephalography (EEG) is a crucial component of
polysomnography (PSG), which is the golden standard to quantify
sleep.’®'7 EEG provides a non-invasive means of measuring early
cortical activity. The natural emergence of sleep states in the
newborn is dependent on the maturation of the central nervous
system and is a reliable indicator of normal development of the
brain. In turn, neonatal sleep plays a critical role in the
development of neuronal pathways.'® Sleep-specific, endogenous
motor activity (e.g. twitches and limb movements) in Active Sleep
(AS) evokes somatotopic cortical activity in the preterm brain and
formation of early neuronal networks. This endogenous neural
(non-stimulus dependent) stimulation during AS will gradually
decline and fully disappear by the end of gestation. This differs
crucially from the later experience-dependent (environmental
stimuli during wakefulness) fine tuning of cortical networks. The
uniquely regulated, spontaneous neural activity during AS and
subsequent consolidation by optimizing neuronal networks via
mechanisms of synaptic homeostasis during Quiet Sleep (QS) lays
the groundwork for early neuronal circuitry and underscores the
fundamental importance of sleep over wakefulness in early
life."®?° By term equivalent age, distinct sleep states emerge with
two AS (AS1 and AS2 or Low Voltage Irregular pattern, (LVI) and
two QS (Quiet Sleep Trace Alternant (QS-TA) pattern and a Quiet
Sleep High Voltage Slow Wave Sleep (QS-HVS))."®

Visual EEG analysis is time-consuming, requires expertise and
subject to inter-rater variability. These factors limit the routine
clinical use of EEG, despite its potential to provide valuable
insights into neonatal brain health. Computational EEG analyses
based on machine learning have been developed to automate
and objectify brain function evaluation.?’*? Automated sleep
staging can provide continuous, objective measurements that
would otherwise be impractical for clinicians to obtain.?>**

Both in children and adults, the crucial role of sleep and the
impact of inadequate and interrupted sleep on general health but
also difficulties in learning, memory and behavior have been
established.>?° Curtailment of sleep by different neonatal pertur-
bations such as noxious stimulation, cardiovascular instability, or
exposure to the extra-uterine environment, may be detrimental for
further brain maturation and neuronal plasticity.”?”

In this study, we investigated to what extent indices of
prematurity and early sleep behavior are associated with altered
EF at 2 years corrected age (CA). To provide continuous and
objective measures, we quantified sleep using an automated sleep
algorithm.2'2° We hypothesized that a higher percentage of Total
Sleep Time was related to better EF at preschool age. We
subsequently compared other sleep features, focusing on
predefined sleep features of interest, in relation to the composite
EF score and the subtests of EF.

Preterm born neonates were followed from birth and under-
went multichannel PSG at term-equivalent age before discharge
home. At 2 years CA, they returned for neurodevelopmental
follow-up, including standardized BSID-lll motor and cognitive
testing, as well as early EF. EF tests were examined in relation to
neonatal sleep behavior.

METHODS

Participants

Inclusion/exclusion criteria. This study describes a cohort of children from

the Resilience study, a prospective single-center cohort study with

longitudinal follow-up, which was registered at Clinical Trials.gov

(NCT02623400). The study was approved by the Ethical Committee of

the University Hospital Leuven and was performed in accordance with the

Guidelines for Good Clinical Practice and the Declaration of Helsinki.
Children born at University Hospitals Leuven between August 2016 and

July 2018 were recruited if they were born before 34 weeks gestational age
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and/or had a birth weight lower than 1500 g. Parents were asked for
written consent within the first week after birth. Exclusion criteria were the
following: (a) maternal age less than 18 years, (b) the inability of a parent to
speak and understand Dutch or English, (c) unstable medical (somatic and/
or psychiatric) disease in the parent(s) and (d) the presence of a major
congenital malformation or major central nervous system pathology
(grade 3 or 4 intraventricular hemorrhage or periventricular leukomalacia
detected on cranial ultrasonography during the neonatal phase) in the
preterm infant.

Child demographics. Clinical data were collected prospectively daily from
the NICU charts by a neonatal research nurse from NICU admission to
discharge. Clinical data included were gestational age (GA), birth weight
(BW), biological sex, postmenstrual age (PMA) at PSG, the total number of
skin breaking procedures until day 5 (each invasive procedure and each
attemptzs), and the total days of ventilation (invasive/non-invasive).
Maternal education was assessed according to the ISCED scale of the
UNESCO Institute for Statistics** by converting original classifications to
‘low education’ corresponding to mothers that obtained a secondary
school degree or less, and ‘high education’ corresponding to mothers who
obtained at least a bachelor's degree. Mean daily amount of kangaroo care,
defined as the total minutes of kangaroo care by the parents divided by
the number of hospitalization days, was recorded.

Polysomnography and sleep features

EEG monitoring and sleep classification. Preterm infants had an overnight
multichannel PSG before discharge home (between 3 pm and 8 am). PSG
recordings were done with 9 EEG electrodes (Fp1-2, C3-4, T3-4, O1-2,
reference electrode Cz) at a sampling frequency of 250 Hz, according to
the modified international 10-20 standard. Recordings were done using a
BRAIN RT EEG system, Micromed, NATUS, Rumst, Belgium. EEG signals were
visually displayed using a 0.27-70 Hz filter. None of the infants received
sedative drugs during the recording or less as 1 month prior to the
recording.

For automated analysis, however, the raw EEG was processed through
two independent, existing, validated pipelines: (i) automated artefact
detection®’ and (i) automated sleep classification.?’ Each pipeline
implements its own preprocessing (including model-specific filtering and
down sampling) to match the procedures used during model develop-
ment.

Automated sleep classification was performed using a multi-step
algorithm for which a previously published sleep classifier”’ was extended
with several pre- and postprocessing routines to improve robustness.?’
This sleep classifier is a convolutional neural network and was developed
based on sleep scoring in preterm infants according to André et al.'® and
the American Academy of Sleep Medicine according to the proposed
annotation rules for sleep scoring in full-term infants from birth to
2 months of age.'****? This classifier has been subsequently validated on
an extensive cohort of preterm and term-born neonates, recorded
between 34 and 46 weeks.”’

Prior to passing the EEG through the sleep classification pipeline, a novel
preprocessing step was applied to improve robustness to noise. In this
step, artefact locations are first automatically detected using a validated
convolutional neural network, which labels each second of every channel
as artefact or clean’ The raw EEG was then cleaned by replacing a
channel’s signal at artefact-marked time points with the average of the
corresponding clean channels.3' Then, the sleep classifier is applied to the
cleaned EEG data, which assigns a sleep stage to each 30s of EEG data:
AS1, LVI or AS2, QS-HVS, or QS-TA. Next, we apply novel postprocessing
steps to improve robustness. First, the sequence of sleep states is
smoothed based on a hidden Markov-model that optimizes the likelihood
of the sleep state sequence, to reduce fast (erroneous) fluctuations in the
sequence of sleep stages (i.e.,, the hypnogram).®

To further improve robustness, unreliable segments are automatically
identified where the algorithm is likely to make errors. Here, a segment is
marked as unreliable if 1) it contains too many artefacts; 2) the uncertainty
of the sleep classifier is too high (i.e., probability of the predicted sleep
stage is too low); 3) its temporal and spectral characteristics deviate too
much from those of the training data used to develop the sleep classifier
(i.e, novelty detection). The dataset originally used to train the sleep
classifier was used to determine thresholds for each of these three
categories. For more details, we refer to ref. 2°

These unreliable segments are treated as gaps/unknowns in the
hypnogram. Finally, a heuristic approach is applied that reduces gaps in
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Fig. 1 Neonatal hypnogram with the different sleep states in the Y-as (ASI, LVI, QS-HVS, QS-TA) and relative time in the X-as. Transitional
Sleep (TS) and unreliable segments are automatically identified. The segments are marked as movement, artefacts, uncertainty and novelty

(see color bars on the right side of the hypnogram).
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Fig. 2 Schematic overview of the EF test battery. Multisearch Multilocation Task (MSML), Reversed Categorization Task (RevCat) and Snack

Delay Test (SDT) and scoring grid.

hypnogram. This includes 1. ignoring unreliability flags for segments with
enough reliable surrounding data, 2. interpolating unreliable segments if
spanning a maximum of three consecutive minutes and surrounded by the
same sleep stage, and 3. labelling unreliable segments (segments with low
probability of the predicted sleep stage, meaning that the segment has
features of two different sleep states) as transitional sleep, if spanning up
to 6 minutes and if the segment lays in between two different sleep stages.
This multi-step algorithm results in a hypnogram with the sleep state
predicted for every 30 s segment, masking unreliable segments (Fig. 1).%°
The Total Sleep Time is the total duration of all segments with reliable
sleep states.

Neonatal sleep analysis. Based on literature data regarding EF, we
designated 6 variables a priori as primary explanatory sleep features to
be evaluated.>?%3> When analyzing the impact of sleep features on
outcome, it is important to account for maturational changes occurring
during the recording period (PMA at recording).'® We studied the
percentage of Total Sleep Time (%TST), Transitional Sleep, AS1, QS-HVS,
QS-TA and the number of unexpected transitions per hour.?® To define the
characteristic duration of a sleep state within a recording, a survival
analysis (Kaplan-Meier) was conducted.®* The survival analysis captures the
probability that a sleep state will last for a specific duration and takes also
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into account censored bouts (e.g. for some bouts we dont know the
survival time exactly, such as the offset or onset of the sleep bouts at the
start or end of the recording are not captured (censored data). A Cox
regression model was applied on the Kaplan-Meier survival curves to test
the effect of PMA.

Executive function
Preterm born infants were followed from birth to 2 years CA. Assessments,
including BSID-lIl motor and cognitive scales, were conducted by a
certified physiotherapist, psychologist, and a physician, blinded for the PSG
results. Evidence indicates that preterm infants exhibit deficits in 3 core EFs:
working memory, cognitive flexibility, and response inhibition. EF was
assessed using three age-appropriate tasks as described earlier by our
group>®, with adherence to a predefined checklist and illustrated in Fig. 2.
The Multisearch Multilocation Task mainly taps into spatial working
memory, the Reversed Categorization Task in cognitive flexibility, and the
Snack Delay Task provides a measure of inhibitory control3”=*° For
the Multisearch Multilocation Task, three colored boxes were presented to
the child: yellow, red, and blue. In the preswitch trial, a toy animal was placed
in the red box. The child watched the toy animal being hidden and was
encouraged to retrieve it. A trial was scored as successful if the child found
the toy animal on the first attempt. Preswitch trials continued until the child

SPRINGER NATURE
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achieved three consecutive correct trials or until four trials were attempted.
One point was awarded for each correct attempt. The postswitch trial was
introduced as a “silly game” and the child was encouraged to watch as the
toy animal was now hidden in the yellow box. A 10-second delay was
imposed before the child was presented with the boxes and encouraged to
find the toy animal. The post switch trials continued until the child had
correctly searched on two consecutive trials or until six post switch trials had
been tried. The post witch trials were reverse scored with six points awarded
for the first two searches, both being correct and thereafter penalizing for
each error. As such, scores from preswitch searching ranged from 0 to 3 and
post switch searching from 0 to 6, giving a maximum total score of 9 points.
For the Reversed Categorization test: In the preswitch phase, the child was
encouraged to put three yellow blocks in a yellow bucket and three blue
blocks in a blue bucket. In a post switch phase, the child was told to put three
yellow blocks in the blue bucket and three blue blocks in the yellow bucket.
One point was awarded for each block correctly sorted. To determine the
total score, children were allocated to groups based on the highest level they
achieved, with the following possible outcomes: (1) preswitch score less than
5 and post switch score less than 5, (2) minimum preswitch score of 5 and
post switch score less than 5, (3) minimum preswitch score of 5 and post
switch score of 5, (4) minimum preswitch score of 5 and post switch score of
6. Three points were given for outcome 4, 2 points for outcome 3, 1 point for
outcome two, and zero points for outcome one, yielding a maximum
Reversed Categorization total score of 3 points. For the Snack Delay Task: A
biscuit was placed in front of the child, on a plate underneath a transparent
upturned glass. The experimenter had a bell in front of her, on the same
table. The child was instructed to wait for the bell to be rung before
retrieving the treat. Three consecutive trials with a delay of 5, 15, and 30's
were performed. Waiting for the ringing of the bell before touching and
retrieving the treat was scored as a full wait, while lifting or touching the
glass without eating the treat was defined as a partial wait. Eating the treat or
ringing the bell by the child prior to the bell being rung by the experimenter
was defined as a failed trial. The assessment continued until all three trials
were completed or until the first failed trial. Snack Delay Task total score was
the number of trials with a full wait. So, the total score ranged from 0 to 3. In
line with this study, a summary EF composite score was determined by
averaging the standardized (z) score on each of the three tasks, thereby
giving equal weight to working memory, flexibility and inhibition.

Statistical analysis

Analyses were carried out using IBM SPSS Statistics Version 30.0.*" As part
of an exploratory aim, we examined the associations between neonatal
sleep and EF at 2 years CA using a general linear model (GLM). We
analyzed the different sleep features in separate models. Our first aim was
to address whether percentage of Total Sleep Time would predict 2-year EF
in a basic model adjusting for clinical and experiential factors. These 7
covariates were: PMA, sex, birth weight, days of mechanical ventilation,
neonatal skin breaking procedures, amount of Kangaroo Care and
maternal education, with bootstrapping. Collinearity was checked with
Variance Inflation Factor (VIF :<5, ideally less than 2.5) and correlation
<0.7.

We subsequently assessed if individual sleep features were related to EF.
We tested in separate models the percentage transitional sleep, the
number of unexpected transitions/hours, and 3 individual sleep states in
relation to EF composite score. To estimate the unique contribution of
each of these sleep features, standardized beta coefficients and respective
p-values are calculated.

As this was an initial investigation in this area of research, we also
explored in a subsequent analysis, whether those sleep parameters
individually also predicted the subscales of the executive function tests.
Since we had 3 subfields of outcome, all using a separate model, we set
the alpha level at 0.0125 (p =0.05/3) for multiple testing.

RESULTS

Demographics and clinical characteristics

108 children underwent multichannel polysomnography and 76
(70%) returned for the neuropsychological assessment at 2 years
CA and completed the EF battery. Missing assessments were
mainly due to COVID-19 testing complications and since the EF
battery was administered after the standard BSID-IIl cognitive and
motor tests, some children were too fatigued to complete it.>°
Clinical and demographic information is presented in Table 1.
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Neonatal sleep parameters and executive function tests
Neonatal sleep characteristics and maturational trends. Preterm
neonates recruited in this prospective observational study were
completely ready to be discharged home, exclusively orally fed
and nursed in a cot at the time of the PSG. Feeding and caregiving
moments depend on the neonates’ feeding clues during the
overnight recording. Sleep characteristics of this cohort are
summarized in Table 2. The mean percentage of Total Sleep Time
of the overnight recording was 10.6 h. Active Sleep was the
dominant sleep state with 6.3 h, Quiet Sleep 3.8 h and transitional
sleep 0.45 h. 20% Of the total recording time included EEG with
artefacts not analyzable for sleep prediction, attributable to infant
awakenings, cares and feeding. All preterm neonates displayed
sleep cycling. AS bout durations which had offset to wakefulness
(profuse movements) were shorter than AS bout durations prior to
transitions to QS (Supplemental Fig. S1). The AS bouts which offset
to wakefulness were 2 times more abundant than the AS bouts
that offset to QS. The maturational trend of each sleep state’s
contribution to the Total Sleep Time composition changes with
PMA (Supplemental Fig. S2). The changes are larger for the QS
states than for the AS states. A significant effect of PMA was found
for both AS, QS and substates AS1, LVI, QS- HVS and QS- TA. The
significant PMA effect means that the durations of AS, AS1 and
QS-TA sleep bouts decrease with PMA, while duration of QS HVS
bouts increase (Supplemental Fig. S3). Although influenced by
PMA, the median AS time did positively correlate with the
percentage Total Sleep Time (r=0.52, p <0.001) and sleep time
per cycle (r=0.52, p <0.001).

Neonatal sleep and executive function. When examining the
association between percentage Total Sleep Time before dis-
charge and EF composite score, a significant relationship was
found, indicating that preterm born children with lower EF
composite scores experienced less Total Sleep Time (Fig. 3). These
results were maintained, with percentage of Total Sleep Time (8 =
0.017, p=0.006, Cl 0.005-0.028, Table 3) positively predicting EF
composite scores, when adjusting for birthweight, PMA, sex, total
days of ventilation, number of skin breaking procedures, maternal
education, and Kangaroo Care. This model explains 38% of the
variation in EF with neonatal and experiential NICU factors
(R?=0.38 p <0.001, Table 4), including 10% of the variation in
EF at 2 years explained through the amount of sleep of the Total
Sleep Time (Fig. 3). The subtest ‘Multisearch Multilocation Task
(Model 3 R>=0.45 p < 0.001, Table 5) was also positively predicted
by the percentage of Total Sleep Time, after adjustment for the
same covariates (8 = 0.036, p <0.001, CI 0.02-0.05). None of the
other subtests were related to Total Sleep Time (Table 3). The
residuals of the main model were assessed for normality using the
Kolmogorov-Smirnov test.

The residual from 1 participant was considered an outlier (left
lower corner Fig. 3). Removal of this participant’s data from the
original model resulted in comparable effects sizes, indicating that
the results were not unduly influenced by this participant.

EF test composite score (Model 2 R>=0.35, p <0.001, Table 4)
and the subtest ‘Multisearch Multilocation Task’ (Model 4 R>= 0.33,
p <0.001, Table 5), respectively, were negatively predicted by the
percentage of transitional sleep in a separate GLM.

The percentage of AS1, QS-HVS and QS-TA and the number of
unexpected transitions did not yield significant results after
adjusting for PMA and experiential factors (see Table 3).

DISCUSSION

This study identifies a significant association between neonatal
sleep behavior in preterm infants and EF assessed at preschool
age. Preterm neonates with less Total Sleep Time and more
Transitional Sleep before discharge from the NICU, had lower EF
scores, sleep features which have been found to correlate with EF
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Table 1. Patient characteristics.

Preterm PSG and EF
Maternal education (%)
Sex (%)
Gestational Age (weeks)
Birth weight (grams)
— SGA (£p10)
PMA at PSG recording
Skin-breaking procedures: total attempts day 5 (number)
Respiratory Support
Total Days of Invasive Ventilation

Total Days of Noninvasive Ventilation

Early Onset Sepsis
— Culture proven, bloodstream positive

— Presumed (clinical: poor presentation, intrapartum antibiotics,
CRP, 7 days of antibiotics)

Late Onset Sepsis
— Culture proven, bloodstream positive
— Presumed (clinical deterioration, CRP, 7 days of antibiotics)
Skin-to-skin contact (average daily minutes of Kangaroo care)
— Mean duration per session
Feeding at discharge
— Breastfeeding
— Breastfeeding + Formula
— Formula
Chronic Lung Disease
— No ventilatory support nor oxygen at 28d and at 36w

— BPD Grade 1 = on FiO2 >21% at 28d, and off ventilator
support and oxygen at 36w

— BPD Grade 2 == on Fi0O2>21% at 28d, and on FIO2 22-30%
and having failed oxygen reduction test at 36w

— BPD Grade 2 == on FiO2>21% at 28 d, and on FIO2 > 30%
and having failed oxygen reduction test at 36w

Retinopathy of Prematurity requiring laser therapy
Intraventricular hemorrhage (IVH)
BSID-Ill Mental developmental index
BSID-Ill Psychomotor developmental index
EF Test Battery
Multisearch Multilocation (MSML)
Reverse Categorization (RevCat)
Snack Delay Test (SDT)
EF composite score

Data presented are mean (SD) or N, %.

in older individuals as well.**** Whether this is cause (e.g. driver of
abnormal development) or effect (e.g. a biomarker of current
adverse neurodevelopment) is harder to determine and points out
how entwined both processes are.**** Total Sleep Time was only
associated with the subtest Multisearch Multilocation, mainly
tapping into spatial working memory, one of the earlier EF to
emerge.*®

Compelling research suggests a specific link between EF and
sleep in childhood. Mc Cann et al.*® investigated the relationship
between EF and parent reported sleep problems in very preterm
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N=176

64% high, 36% low
62% male, 38% female
30.30 (2.30)

1378.26 (392)

7 /76 (9.2%)

39.15 (2.03)

35.61 (15.13)

0 days (56/76, 73.7%); 1-6 day (14/76, 18.4%); 7-14 days (2/76, 2.6%); 15-23
days (4/76, 5.3%)

0 days (3/76, 3.9%); 1-6 day (34/76, 44.7%); 7-14 days (7/76, 9.2%);
15-22 days (2/76, 2.6%); 23-30 days 4/76 (5.2%); 31-37 days 5/76 (6.5%);
>37 days 21/76 (27.6%)

2/76 (2.6%)
6/76 (7.9%)

3/76 (3.9%)
10/76 (13.1%)
124 min (65.73)
101.5 min (27.5)

40/76 (53%)
20/76 (26%)
16/76 (21%)

63/76 (82.9%)
9/76 (11.8%)

3/76 (4%)
1/76 (1.3%)

4/76 (5.2%)

63/76 (83%) none, 9 (12%) IVH-l, 4/76 (5%) IVH-II
103.94 (13.11)

106.90 (13.90)

8.19 (2.34)
0.98 (1.10)
1.78 (1.28)
0.003 (0.73)

children and a control term group. The quality of nighttime sleep
was found to adversely impact EF in the very preterm group, while
no effect of sleep was found in the control group who slept
poorly. Moreover, EF deficits are described in children with
adversities of neurodevelopment, such as cerebral palsy and
attention deficit disorder”™*° and sleep-disordered breathing.
These studies link their results to the relative importance of the
frontal areas of the brain in sleep, more specific to the sleep
promoting neurons in the basal forebrain,>®*" with the prefrontal
cortex particularly sensitive to changes in the homeostatic
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Table 2. Polysomnography characteristics and neonatal sleep features
in preterm with EF. Data presented as mean (SD) or median (range).
Sleep Features in PSG
Recording hours 15.7 (1.7) median 16.29

Percentage of TST on total recording 67.4% (12.3)=10.6 h

time

Percentage AS1/percentage of Total
sleep

Median duration of AS1

Percentage LVI/Percentage of Total
Sleep

Median duration LVI (min)

Percentage QS-HVS/Percentage of
Total Sleep

Median duration QS-HVS (min)

Percentage QS-TA /Percentage Total
Sleep

Median duration QS-TA (min)
Percentage Transitional Sleep

15.4% (12.1)

5.5 min (1.3-15 min)
44.1% (16.2)

8.5 min (3.5-25 min)
8.5% (9.9)

4.3 min (1-21 min)
27.8% (10.5)

17 min (4.8-28.5 min)
4.2% (2.2)

Median duration Transitional Sleep 3 min (1.5-5.5 min)

(min)

Percentage Artefact on total
recording time

20.8% (9.3) 3.14h/
recording of 15.7 h

54.8 min (11.4)
0.3 (0-1.6)
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Fig. 3 Simple Regression Plot of percentage Total Sleep Time in
relation to Executive Function composite score. Y-as: Total Sleep
Time percentage of the recording X-as: Executive Function
Composite Score.

processes underlying sleep regulation.***? In adults, functional
connectivity between thalamus and frontal and temporal gyri was
decreased after sleep deprivation. Moreover, especially the
prefrontal cortex which mediates functions such as working
memory showed vulnerability to the effect of sleep deprivation.”

Together, these findings suggest that the restorative effect of
sleep is especially relevant for the maintenance of functional
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connectivity of prefrontal brain regions.>® One of the hypotheses is
that especially slow wave sleep during NREM sleep has a restorative
effect on prefrontal areas.>® We could not find a relationship with
QS-HVS (which can be seen as a ‘pre-cursor’ of this state) and EF,
however QS-HVS is only beginning to emerge at term equivalent
age, and the average PMA at EEG was 39 weeks. Nevertheless, a
global higher level of Total Sleep Time might represent a better
resilience to the ‘more’ awakening stimuli in preterm babies.>*
Moreover, in line with Georgoulas et al, we showed nicely that
longer AS bouts were more likely to offset into QS than
wakefulness.>* We found a positive correlation between the median
length of AS and the percentage of Total Sleep Time and sleep time
per cycle. This means that for a neonate, to get to QS and to
complete a sleep-wake cycle, AS should be preserved as well.

In this study, we describe neonatal EEG-determined sleep
behavior in a fully automated and quantitative manner. Sleep
characteristics were extracted from real-world data. Automated
sleep analysis is a promising application and can help to advance
neonatal sleep research. Quantitative sleep modelling in different
neonatal cohorts can for example serve as a handle for under-
standing sleep architecture during the neonatal period.?>**
Extrapolated to the 24 h period, the preterm newborn infant
around term equivalent age, sleeps around 16 h per day, which is
on the lower side of the 16h-18h described in the full-term
neonate, confirming that premature infants sleep less than full-
term infants of the same post-conceptional age®> (observational
data, manuscript in preparation). The preterm infant has been
found to adapt to the NICU environment (with more extreme
sensory stimuli) with longer bouts of wakefulness3**®> The
developmental trajectories of our sleep variables show a decrease
in QS -TA and more QS-HVS (longer QS-HVS bouts). Furthermore,
there is clear postmenstrual age influence on the heavy-tailed AS
sleep bout distribution and arousability, similar as documented in
polysomnographic studies by experts in the field.'#1634567

The higher amount of Transitional Sleep, an EEG characteristic
which reflects less clear state distinction, might be a possible
reflection of maladaptive brain maturity or dysmaturity.>®

The literature demonstrates significant variability in the
methodologies used to describe neonatal sleep, making it
challenging to make direct comparisons. A consistent approach
is necessary for evaluating sleep conditions, as well as for
measuring and analyzing sleep, but can be offered with this
automated method. Environmental factors may impact the
duration and intensity of sleep,®® and the NICU is often considered
as a hostile sleep environment. All preterm neonates in this study
were cared for under similar environmental conditions (supine
position, single room, ambient light and sound during the night
and without disturbances for clinical purposes, caffeine use until
34-36 weeks PMA).

Several mediators may contribute to the variable findings on
the effect of prematurity on sleep development, including the
degree of prematurity, changed hormonal conditions compared
to in utero, (epi)genetic links, pathologies (lung disease, sleep
disordered breathing and comorbidities (growth restriction,
hypoxia, neural injury and/or impaired neural maturation, systemic
inflammation) and will occur in combination or additive and cause
self-induced feedback loops.****

To deal with this inter-individual variation in functional brain
maturation and sleep organization, different confounders have
been considered in this exploratory study. We defined illness
severity by the days of ventilation, number of skin breaking
procedures and birthweight. Birthweight instead of GA has been
used as covariate because of the link between intra-uterine
growth restriction and sleep®® and previous literature reporting
that lower birthweight is associated with lower inhibitory control
and lower achievement on visuospatial skills in extremely preterm
children.®' Studies have shown that EF is related to maternal
intelligence,®? as well as parental socio-economic state.’® Of
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Table 3. General Linear Models with Sleep Features in relation to EF test in preterm children.

Executive function tests (N = 76) B P Value
% TST EF composite score 0.017 0.006*
Multisearch Multilocation Task 0.036 <0.001*
Reversed Categorization Task 0.003 0.733
Snack Delay Task 0.011 0.200
%Transitional Sleep EF composite score —0.076 0.031*
Multisearch Multilocation Task —0.123 0.015*
Reversed Categorization Task —0.037 0.502
Snack Delay Task —0.068 0.160
Unexpected Transitions EF composite score 0.494 0.123
Multisearch Multilocation Task 0.758 0.099
Reversed Categorization Task 0.435 0.373
Snack Delay Task 0.289 0.510
% QS-HVS EF composite score 0.007 0.514
Multisearch Multilocation Task 0.016 0317
Reversed Categorization Task —0.019 0.259
Snack Delay Task 0.024 0.098
% AS1 EF composite score 0.000 0.966
Multisearch Multilocation Task 0.002 0.866
Reversed Categorization Task —0.015 0.164
Snack Delay Task 0.012 0.203
% QS-TA EF composite score 0.003 0.749
Multisearch Multilocation Task —0.006 0.684
Reversed Categorization Task 0.008 0.621
Snack Delay Task 0.008 0.588

Table 4. Results of a General Linear Model of the composite EF tests
test examining the association with percentage Total Sleep Time

(Model 1R3=0.38, p <0.001) and covariates and percentage

Transitional Sleep (Model 2 R2 =0.35, p < 0.001).

Characteristics stp
PMA (weeks) Model 1 —-0.418
PMA (weeks) Model 2 —-0.416
Birth weight (g) Model 1 0.273
Birth weight (g) Model 2 0.275
Biological sex (M) Model 1 0.228
Biological sex (M) Model 2 0.260
Total days of ventilation Model 1 0311
Total days of ventilation Model 2 0.257
Maternal education Model 1 0.024
Maternal education Model 2 —0.02
Total skin breaking procedures Model 1 —0.140
Total skin breaking procedures Model 2 —0.188
Total amount of kangaroo care at discharge 0.236
Model 1

Total amount of kangaroo care at 0.180
discharge Model 2

Model 1 Percentage Total Sleep Time 0.278
Model 2 Percentage Transitional Sleep —0.228

P value
0.002*
0.003*
0.048*
0.052
0.025*
0.013*
0.093
0.175
0.807
0.844
0.257
0.136
0.021*

0.081

0.006*
0.031

Standardized Beta coefficients with p values are presented for the

covariates and the sleep feature.
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interest, more kangaroo care at the NICU was uniquely associated
with higher EF scores in this study. The infant’s ability to regulate
state of arousal is a development trait, where specific infant and
parental factors interact in the development of self-soothing.®*
Kangaroo care has been shown to influence the infant’s capacities
to regulate sleep and wake states, and accelerated maturation of
sleep states has been reported in preterm neonates.>> Although
the amount of kangaroo care in this study was not correlated with
the sleep features at discharge, this non-intrusive developmental
style initiated during the NICU stay may further have its positive
effects during the early months of life.>>5¢

None of the babies received sedative drugs during the PSG.%” In
parallel with the effect of these drugs on anatomical brain growth
and neurodevelopmental outcome,®®*”° long lasting results of
these drugs on the developmental aspect of sleep physiology is of
interest, but out of scope of the present study.

We acknowledge the relatively modest sample size of our study;
this was partially due to loss to follow-up during the COVID-19
pandemic and test conditions. This study is uniquely in document-
ing neonatal sleep behavior through fully automated analysis by
overnight polysomnography under similar environmental condi-
tions; however one, single 24 h PSG before discharge may not be
sufficient to represent sleep patterns in the NICU. Given the
exploratory nature of this study, we aimed to include important
confounders. Nonetheless, we acknowledge that the design and the
sample size inherently limit our ability to account for all potentially
relevant covariates, and some may not have been incorporated into
the model. Consistent methodology to document sleep conditions
as well as reproducible, quantitative sleep analysis is the way
forward to design well conducted observational studies with
repeated sleep measurements and interventional trials.

The results of this study highlight the need for enhanced
neuroprotective strategies in the neonatal period as well as
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Table 5. Results of General Linear Model of subtest EF ‘Multisearch
Multilocation Task’ examining the association with percentage Total
Sleep Time (Model 3R3=0.45 p <0.001) and percentage Transitional
Sleep (Model 4R2=0.33 p<0.001).

Characteristics st P value
PMA (weeks) Model 3 —0.226 0.075
PMA (weeks) Model 4 —0.226 0.103
Birth weight (g) Model 3 0.086 0.508
Birth weight (g) Model 4 0.086 0.544
Biological sex (M) Model 3 0.121 0.202
Biological sex (M) Model 4 0.161 0.126
Maternal education Model 3 0.06 0.525
Maternal education Model 4 0.003 0.975
Total days of ventilation Model 3 0.066 0.708
Total days of ventilation Model 4 -0.018 0.924
Total skin breaking procedures Model 3 —0.265 0.025*
Total skin breaking procedures Model 4 —0.328 0.013*
Total amount of kangaroo care Model 3 0.154 0.109
Total amount of kangaroo care Model 4 0.084 0.427
Model 3 Percentage Total Sleep Time 0.42 <0.001*
Model 4 Percentage Transitional Sleep —0.264 0.015*

Standardized Beta coefficients with p values are presented for the
covariates and the sleep feature.

postnatal interventions that support extrauterine maturation and
the neurodevelopment of preterm born neonates. Understanding
the effect of early key factors during the period spent in the NICU,
that may modulate early brain dysmaturation or maldevelopment
and their neurodevelopmental consequences, can change care
giving practices and organization of the NICU practices to
promote sleep, especially in vulnerable infants. Whether and to
what extent a “sleep protective” environment can be a buffer for
harmful influences related to prematurity needs to be further
investigated. Earlier recognition of the ‘sleep phenotype’, either in
premature infants or high-risk infants*> may be a gateway for
more focused interventional strategies to improve attention,
cognition and social interactions.

CONCLUSION

The Total Sleep Time at term equivalent age is associated with
early EF in 2-year-old children born preterm, mediated by other
clinical and experiential factors. These results should encourage
neonatal caregivers to further unravel the dynamics between
prematurity, sleep and functional brain development. This
enhanced understanding will gradually assist in customizing
interventions to improve neonatal sleep, tailored to the develop-
mental stage of each child, to maximize positive impacts on future
neurodevelopmental outcomes.
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