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Hülya €Ozdemir c, Nural Bekiro�glu d, Kıvılcım Gücüyener e, Eren €Ozek c, Perran Boran a, *

a Marmara University, School of Medicine, Department of Pediatrics, Division of Social Pediatrics, Istanbul, Turkey
b Marmara University, School of Medicine, Division of Public Health, Istanbul, Turkey
c Marmara University, School of Medicine, Department of Pediatrics, Division of Neonatology, Istanbul, Turkey
d Marmara University, School of Medicine, Department of Biostatistics, Istanbul, Turkey
e Gazi University, School of Medicine, Division of Pediatric Neurology, Ankara, Turkey
a r t i c l e i n f o

Article history:
Received 22 October 2022
Received in revised form
18 November 2022
Accepted 18 November 2022
Available online 20 November 2022

Keywords:
Actigraphy
Amplitude-integrated
electroencephalography
Preterm
Newborn
Sleep-wake cycle
Development
* Corresponding author. Muhsin Yazıcıo�glu Street, N
Turkey.

E-mail addresses: drperran@yahoo.com, drperran@

https://doi.org/10.1016/j.sleep.2022.11.020
1389-9457/© 2022 Elsevier B.V. All rights reserved.
a b s t r a c t

Objective: Objective methods to monitor the sleep of preterm infants at the neonatal intensive care unit
(NICU) are required to prevent potentially adverse neurodevelopmental outcomes. This study aimed to
determine the concordance of actigraphy and amplitude-integrated electroencephalogram (aEEG)
against gold standard direct observation (DO) in assessing sleep/wake states of typically developing
preterm infants.
Methods: This prospective observational study was conducted in a single center level III NICU. Sleep
variables were measured using Philips Respironics Mini-Mitter® Actiwatch-2 for 24 h and compared
with 8-h matched data of aEEG and DO. Sensitivity-specificity analysis, Cohen's kappa, prevalence-
adjusted and bias-adjusted kappa (PABAK), and Bland Altman plots were generated.
Results: Seventeen preterm infants were recruited. A total of 11252 epochs were studied. Sensitivity
(86.4%), agreement rate (67.9%), and predictive value for wake (47.9%) for the actigraphy were highest at
the automatic activity threshold whereas specificity (54.5%) and predictive value for sleep (75.5%) were
highest at low threshold. The sensitivity of aEEG was 79.3% and the specificity was 54.3%. At all
thresholds, the agreement was largely equivalent with low kappas (0.14e0.17) and PABAK coefficients
(0.22e0.35) for actigraphy and DO. Moderate agreement was observed between aEEG and DO according
to the PABAK coefficient (0.44). Mean differences in sleep parameters were not different between DO and
aEEG as well as DO/aEEG and actigraphy at medium threshold (p > 0.05).
Conclusions: Actigraphy at medium threshold can be used in depicting sleep in typically developing
preterm infants at NICU. aEEG may be an alternative adjunctive method to actigraphy for the evaluation
of sleep/wake states in the NICU setting.
Clinical trial registration number: NCT04145362

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

The estimated global preterm birth rate is 10.6% of all live births
and this number tends to increase each year [1]. Consistent with the
global rate, the reported preterm birth rate in Turkey is 11% [2].
Advanced care in neonatology resulted in decreased mortality, but
morbidity related to prematurity remained an important concern
[3]. Sequelae of prematurity include adverse short- and long-term
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neurodevelopmental outcomes such as severe sensory or motor
disabilities, cognitive deficits, social and emotional problems as
well as sleep problems [3,4].

The development of sleep-wake behavior is an important
maturation process that requires functional connectivity of the
neural network starting from fetal life and continuing particularly
during the first months after birth [5]. Impaired sleep has been
shown to disturb the myelination of the maturing brain [6]. Pre-
term infants are at significant risk for altered sleep development.
Due to prematurity, the establishment of the neural connectivity
framework is interrupted or immature which interferes with sleep
development. In addition, the preterm brain is prone to multiple
insults such as hypoxia, hyperoxia, or inflammation resulting in
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Abbreviations

AAP American Academy of Pediatrics
ABSS Anderson Behavioral State Scale
aEEG Amplitude-integrated electroencephalogram
AR Agreement rate
BSID-III Bayley Scales of Infant Development
CA Chronological age
CS cramp-synchronized
DO direct behavioral observation
GA Gestational age
GM General Movement
NICU Neonatal Intensive Care Unit
NTISS Neonatal Therapeutic Intervention Scoring System
PABAK prevalence-adjusted and bias-adjusted kappa
PMA Postmenstrual age
PR Poor-Repertoire
PSG Polysomnography
PVS predictive value of sleep
PVW predictive value of wake
WASO Wake after sleep onset
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injury. Instead of the protective regulatory in utero environment,
the physical factors (light, temperature, sound) and frequent in-
terventions may disturb the sleep periods of preterm infants in the
Neonatal Intensive Care Unit (NICU) [7,8]. High lighting levels and
loud sound levels have been associated with sleep disturbances
among other adverse clinical outcomes [9].

Significant research showed the persisting effects of prematu-
rity on sleep throughout childhood [5]. Sleep problems were more
frequently observed in 11-year-old children born preterm regard-
less of the presence of neurodevelopmental disabilities [10].
Shorter gestational age at birth was associated with longer sleep
duration in the early years of life in three population-based cohorts
[11]. In contrast, 3e5 years old preterm born children were more
likely to have shorter sleep duration and adverse sleep outcomes
[12]. Shorter nighttime sleep duration in preterm children was
associated with social and emotional problems [13].

Investigating the sleep development of preterm infants in NICU
provides a unique opportunity to understand the potential impli-
cations of disrupted sleep on early neurodevelopment. However,
monitoring sleep in fragile preterm infants is challenging. Available
reliable methods such as direct behavioral observation (DO) and
polysomnography (PSG) are obtrusive and require expertise to
interpret or technical support. Unobtrusive methods to measure
infant sleep with less burden on vulnerable preterm infants and
caregivers in NICU are necessary to incorporate sleep monitoring
into routine neonatal care of preterm infants [14].

Actigraphy is a non-invasive tool to estimate sleep-wake cycles
based on activity monitoring, that has been increasingly used in
pediatric sleep research [15]. It allows objective sleep assessment in
an infant's natural environment and is recognized as a valid and
useful tool for sleep evaluation in children. Few studies investigated
the use of actigraphy in preterm children and revealed divergent
results due to the differences in methodology and study partici-
pants [16e21]. Amplitude-integrated electroencephalogram
(aEEG) is another readily available bedside tool to monitor cerebral
function. It has widespread use to predict the neurodevelopmental
outcome of term and preterm infants in the NICU [22]. Neonatal
sleep-wake cycles can also be identified by aEEG [23]. In this study,
we aimed to determine the concordance of actigraphy and aEEG
against DO in assessing the sleep/wake states of preterm babies.
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2. Methods

2.1. Participants and settings

This prospective observational study was conducted in a single
center Level III NICU at Marmara University Hospital located in
Istanbul, Turkey between June 2019 to May 2020. The study was
approved by the Marmara University Ethics Committee (protocol
ID: 09.2017.488) and registered with the Clinical Trials
(NCT04145362).

Eligible preterm infants were recruited by convenience sam-
pling. All preterm infants born at gestational age (GA) 28e37 weeks
and admitted to the unit during the study period (n ¼ 70) were
eligible. Fifty-three infants were excluded according to the exclu-
sion criteria (Fig. 1). Parents of all consecutively admitted neonates
who met inclusion criteria were invited to participate in the study.
Written informed consent was obtained from both parents of each
infant. Infants whose parents refused to participate in the study did
not differ concerning gender, GA, or birth weight.

Routine medical care was provided according to the NICU pro-
cedures, and the unit routine was not changed during the study
period. Infants were fed every 2e3 h and exposed to cyclic lighting
daily.

2.2. Procedures and measurements

Demographic and clinical data were collected from the patients'
medical records. Gestational agewas assessed by the last menstrual
period and/or by prenatal ultrasonography and was confirmed by
Ballard Scoring System. Postmenstrual age (PMA) was determined
as GA plus the time since birth (weeks). Chronological age (CA) was
defined as the time since birth (days) [24]. Moderate to late preterm
infants were infants born at GA between 32 weeks and 366/7 weeks
and very preterm infants were born at GA between 28 weeks and
32 weeks [25]. Infants’ illness severity was measured by the
Neonatal Therapeutic Intervention Scoring System (NTISS) which is
accepted as a validated direct measure of resource utilization
associated with mortality risk estimates [26]. The higher scores
indicated higher disease severity. NTISS for each patient was scored
at admission to the NICU and at the moment of the study
measurements.

2.2.1. Assessment of sleep
Infants with PMA >32 weeks were found to have more distinct

sleep/wake states and better recognizable sleep architecture [27].
Therefore, measures were conducted after 32weeks of PMA as soon
as the babies were clinically stable and under no sedative
medication.

2.2.1.1. Actigraphy. Sleep variables were measured using Philips
Respironics Mini-Mitter® Actiwatch-2 for 24 h. Actiwatch-2 de-
vices (weighing 16 g) were placed on the right calf (midpoint be-
tween the knee and the ankle) except for four babies due to
intravenous catheter. Actiware 6.0.9 software was used to calculate
sleep-wake patterns. The Epoch length studied was 30 s [21]. The
scoring algorithm and wake threshold sensitivity levels were based
on previously published validation studies in preterm infants
[13e15,19]. Sleep onset was defined as 5 consecutive minutes of
decreased activity scored as sleep. Data were analyzed at each of
the low (activity value 20), medium (activity value 40), high (ac-
tivity value 80), and automatic (mean activity counts*0.888/epoch
length) activity threshold settings. The studied period was coded as
sleep when the measured activity signal was less than or equal to
the activity threshold setting. The number of minutes required to
score a wake was >5 min of a wake. The number of minutes



Fig. 1. Flow diagram of the study.
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required to score nocturnal wake frequency was >5 min of wake as
recommended in previous studies. After each recording, the data
were downloaded and stored by the research assistant (€OÜ) on a
personal computer designated for the research. Actigraphy data
measurements included total sleep time, sleep efficiency, fre-
quency, and average duration of wake and sleep bouts. Sleep effi-
ciency was defined as total sleep time/total sleep time þ total wake
time*100. Wake after sleep onset (WASO) was defined as the
number of waking minutes between sleep start and end times.

Daytime was defined from 8 a.m. to 8 p.m. and nighttime from 8
p.m. to 8 a.m. based on the NICU routines [28].

Sleep, activity, and feeding diaries were completed by the pri-
mary nurse responsible for that infant over 24 h divided into 5 min
blocks. Sleep-wake periods, type of clinical interventions, and
adverse events were recorded. The NICU practices minimal
handling procedures and since the study included only clinically
stable newborns, no adverse events during the study period were
recorded. Other recorded interventions included diaper changes
every 4 h and feeding every 3 h, performed day and night in all
infants. Since these procedures were performed both day and night,
periods of feeding and care were not excluded from the analysis.
The actigraphy data were scored in 30-sec epochs by two inde-
pendent pediatricians (€OÜ, PB). Inter-observer agreement was 81%
and the kappa score was 0.75 indicating substantial agreement.

2.2.1.2. Amplitude-integrated electroencephalogram. Overall, 4 in-
fants had to be excluded from analysis because of technical failure
of aEEG recording, and recordings of 13 infants were used for aEEG.
Continuous aEEG recordings were performed after 32nd weeks
PMA, when the babies wore the actigraph, using the Cerebral
Function Monitor Olympic Brainz Monitor (OBM- Natus Medical
Inc, San Carlos, USA). The aEEG was recorded as a four-channel EEG
using needle electrodes. Electrodes were placed on the scalp cor-
responding to the positions C3, C4, and P3, P4 of the international
10e20 systemwith a reference electrode on the back. The data was
retrieved by using OBMViewer 3.1.4.149 software. Recordings were
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continued for 24 h and synchronized with actigraphy. aEEG scores
were assigned according to the Burdjalov scoring system by an
experienced pediatric neurologist blinded for the patient's clinical
outcome, and the actigraphy data (KG) [29]. Four variables of aEEG
recordings were scored: Continuity, sleep-wake cycling (SWC),
amplitude of lower border (LBA), and bandwidth span (BW). Indi-
vidual component scores were summed to determine the total
score for each recording. The minimum possible total score was 0,
and the maximum was 13.

2.2.1.3. Direct behavioral observation. The infants were video
recorded simultaneously as the aEEG and actigraphy recording. The
video recording system consisted of an FDR-AX33 visible light
camera (Sony Electronics) attached to a tripod. The camera was
installed at a height of approximately 80 cm above the infants’
incubators to capture the whole bed in view. The 8 h of video
recording was selected for direct observation, including 2-h inter-
feeding periods [4 h of day-time (8.00 a.m.e10 a.m. feeding period,
15.00e17:00 a.m. postfeeding period) and 4 h of night-time mea-
surement (8:00 p.m.-12:00 p.m.)]. The direct observational
assessment was recorded using behavioral states from videotaped
considering eye states, vocalizations, respiration, and movements.
The Anderson Behavioral State Scale (ABSS) which was adapted by
Anderson for premature infants from the scale of Parmalee and
Stern (1972) was used for the behavioral state evaluation as
described in the study of Gill NE et al. [30,31]. The original 12-item
scale was used and the dominant (�16 s) behavioral state was
coded for each 30-sec epoch. The behavioral states were defined as
follows: 1 ¼ very quiet sleep, 2 ¼ quiet sleep, 3 ¼ restless sleep,
4 ¼ very restless sleep, 5 ¼ drowsy, 6 ¼ alert inactivity, 7 ¼ quiet
awake, 8 ¼ restless awake, 9 ¼ very restless awake, 10 ¼ fussing,
11 ¼ crying, 12 ¼ hard crying [31]. States 1e4 were considered as
sleep and states 5e12 as wake. A one-week program was given to
train the researcher to assess preterm babies with ABSS. Assess-
ment techniques and coding methods were demonstrated with
videos in addition to a lecture provided by an experienced
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neonatologist and pediatric neurologist. The direct observational
assessment was coded by the two researchers (KG, €OÜ). A pilot of 3
infants was coded separately and intra-rater agreement was 91%.

2.2.2. Assessment of NICU settings
2.2.2.1. Light monitoring. Light exposure was recorded by the
Actiwatch light sensor, reflecting the light reaching the infant. Light
exposure data in actiwatch devices were downloaded to the com-
puter using Actiware software. Data from one infant is excluded
from the analysis since he was under phototherapy at the time of
sleep assessment.

2.2.2.2. Sound monitoring. A sound meter was placed in each crib
near the head of the infant within 30 cm of the infant's ear to
monitor sound exposure for 24 h during the study period. Sound
levels were measured by a digital sound level meter (Verth CS 122L
China). Version 4.0.3.0 Sound Level Meter Software (SE322) as the
data logger. Equivalent sound level (Leq) in A-weighted dB (dBA)
was recorded at 3-s intervals.

2.2.3. Neurodevelopmental assessments
A clinical and neurodevelopmental examination was performed

at two time points: prior to discharge and at 12weeks corrected age
including General Movement Assessment and Bayley Scales of In-
fant Development III.

2.2.3.1. General movement assessment. Each infant was video-
recorded from above, lying in a supine position, to assess sponta-
neous movements during active wakefulness without pacifier use.
The video recordings lasted for 3e5 min and contained at least
three general movement (GM) sequences [32]. A pediatric neurol-
ogist trained and experienced in Prechtl's GM assessment analyzed
the recordings. Scoring included global judgment as normal, poor-
repertoire (PR), cramp-synchronized (CS) and chaotic GMs [32,33].
Fidgety movements were assessed at 12 weeks corrected age.

2.2.3.2. Bayley Scales of Infant Development (BSID-III).
Neurodevelopmental outcome was measured by the Bayley Scales
of Infant Development (BSID-III) at 12 weeks corrected age. It is a
standardized development tool that assesses: Cognitive, commu-
nication, fine motor, gross motor, and social/emotional areas [34].
Composite scores from raw scores for all subsets were calculated.
Composite scores were scaled to a metric with a mean of 100, SD of
15, and range of 40e160. Composite or composite score equivalent
scores >85 were considered as within the normal range, scores 70
to 85 were considered as having a mild learning difficulty, scores
between 50 and 70 as moderate learning difficulty, and scores <55
severe learning difficulty in that test area. Bayley-3 standardized
scores of <70 (2SD below the normative mean) were investigated
as this is the cut-off threshold used to define severe disability in
large neuroprotection trials [34]. A developmental specialist who
has received professional training in educational and psychological
assessment performed and interpreted the test and was blinded to
the clinical data of the infant (SKA).

2.3. Statistical analyses

Analyses were conducted using Stata version 15.1 (Stata Corp.
2017. Stata Statistical Software: Release 15. College Station, TX:
StataCorp LLC) and IBM SPSS Statistics software (version 28.0, IBM
Inc, United States). Differences in continuous variables between the
groups (such as GA groups or feeding method) were examined
either by Mann-Whitney U or independent samples t-test as
appropriate and were expressed as mean ± standard deviation (SD)
to compare with the previous sleep studies. Day and night sound
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and light exposure were compared by Wilcoxon signed rank test.
Correlation analyses were performed by Spearman's rank correla-
tion. Continuous sleep parameters such as total/nighttime/daytime
sleep and awake duration of each subject were compared between
each activity thresholds of actigraphy and DO/aEEG using one-way
ANOVA repeated measures test with a Greenhouse-Geisser
correction and posthoc analysis with Bonferroni adjustment. A
threshold value for significance was set as p < 0.05.

PSG and DO are considered as the gold standard measure in
pediatric sleep studies [15,21]. In this study, the DO served as the
gold standard. Validation of actigraphy and aEEG against DO were
studied by epoch-by-epoch comparisons in 30 s. Finally, concor-
dance between actigraphy/aEEG and DO was determined.

Actigraphy, aEEG and DO data were reduced to binary form
(0 ¼ wakefulness and 1 ¼ sleep) for analyses. Data were analyzed
with cross-tabulation. Sensitivity was the proportion of correctly
identified sleep epochs by actigraphy/aEEG to the epochs defined as
sleep by DO. Specificity was defined as the proportion of accurately
identified wake epochs by actigraphy/aEEG to the DO scored wake
epochs. Agreement rate, predictive value of sleep (PVS), and pre-
dictive value of wake (PVW) were calculated as described in pre-
vious studies [16,17,19].

Agreement between actigraphy/aEEG and DO was determined
by calculating Cohen's Kappa. Because sleep and wake were not
equally distributed in both methods, we additionally calculated
prevalence-adjusted and bias-adjusted kappa (PABAK) to provide
equal weights to sleep and wake [35]. Kappas (for both Cohen's and
PABAK statistics) between 0.01 and 0.20 was considered as none to
slight, 0.21e0.40 as fair, 0.41e0.60 as moderate, 0.61e0.80 as sub-
stantial, and 0.81e1.00 as almost perfect agreement [36].

Bland-Altman concordance plots were used to visualize the
degree of agreement between sleep parameters derived from the
new method (actigraphy/aEEG) with those from the gold standard
(DO) [37]. The difference between the measures for each partici-
pant was fitted to lines that represent the ideal (representing per-
fect agreement), plus either standard deviations or time
discrepancies to show each participant's deviation from the ideal.
The mean of each sleep parameter with the two techniques was
represented in the x-axis and differences in each sleep parameter
between the two techniques were represented in the y-axis.

Sound levels were quantified by the 10th, 30th, 50th, 70th, and
90th percentile noise levels in dB (L10-L90). Lmax was the highest
sound level in any of the short measuring intervals. Percentages of
measurements that exceeded American Academy of Pediatrics
(AAP) recommendations (>65 dB) were also measured. AAP rec-
ommends not to exceed an hourly equivalent continuous sound
level (Leq) of 45 dB and an hourly L10 of 50 dB (no more than 10% of
the time at greater than 50 dB) in any bed space or patient care area
[38].

3. Results

3.1. Characteristics of the infants

Seventeen preterm infants born at 28-366/7 weeks of GA were
enrolled. Characteristics of the infants are presented in Table 1.
None of the included infants were on respiratory support at the
time of study inclusion.

3.2. NICU environment

Mean light exposure inside the incubator from 8:00 a.m. to 8:00
p.m. was 45.6 ± 74.9 lux (median 28.6 lux), and 14.6 ± 11.6 lux (9.6
lux) from 8:00 p.m. to 8:00 a.m. Daytime light exposure was
significantly higher than nighttime light exposure (p ¼ 0.03).



Table 1
Demographic variables and clinical data of the study participants.

Characteristics Mean ± Standard deviation or n (%)

Gestational age at birth, weeks 31.8 ± 2.4
Very preterm 9 (52.9)
Moderate to late preterm 8 (47.1)

Postnatal age at the time of study, weeks 33.7 ± 1.6
Birth weight, gr 1721 ± 528
Female gender 12 (70.6)
5 min APGAR score 8 ± 1
Length of NICU stay, day 38 ± 40
NTISS score at admission 13.8 ± 7.6
NTISS score at the time of the study 3.9 ± 0.8
Feeding method
Orogastric tube 7 (41.2)
Oral feeding 10 (58.8)

GA: gestational age, NICU: Neonatal intensive care unit, NTISS: Neonatal Thera-
peutic Intervention Scoring System.
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Mean sound exposure inside the incubator from 8:00 a.m. to
8:00 p.m. was 55.4 ± 1.2 dB, and 52.8 ± 1.8 from 8:00 p.m. to 8:00
a.m.). Daytime sound exposure was significantly higher than
nighttime (p < 0.01). Sound level exposure of the neonates inside
the incubators is presented in Supplemental Table 1S.

3.3. Cerebral function monitoring

aEEG recordings were characterized by continuous tracing (all of
the scores were 1e2), cycling was recognizable (scores�3) in 5, and
a complete mature pattern was observed in 10 neonates (only 1
neonate showing a score of 2). The lower border amplitude of the
aEEG remained elevated in all. Bandwidth was narrow with scores
of 3 in 12 neonates and reached its maximum level in 4. An example
of the tracing analysis is shown in Supplemental Fig. S1. Results of
the aEEG recording using the Burdjalov scoring system are pre-
sented in Table (Supplemental Table S2).

The mean Burdjalov score was higher in moderate to late pre-
term infants (11.3 ± 0.8) as compared to very preterm infants
(9.4 ± 0.5) (p: 0.004). Gestational agewas positively correlatedwith
the Burdjalov score (rs:0.83, p < 0.001).

3.4. Neurological assessments

General movement assessment revealed normal for 11 and PR
for 6 patients at the time of sleep assessment. Neither CS nor
chaotic GMs occurred in any of the patients. The motor repertoire
was scored as age adequate in 9 patients out of 17. Videos were not
available at 12 weeks corrected age in 2 patients. Three patients
who had PR at 32 weeks PMAwere unable to show FMs at 12 weeks
corrected age (Supplemental Table 3).

Bayley composite scores for all subsets were within the normal
range in all (Supplemental Table S4). Bayley could not be performed
in 4 patients whose families refused to come to the hospital during
the COVID pandemic. There were no differences in Bayley III com-
posite scores with respect to GA.

3.5. Sleep analysis

Actigraphy data for 24 h are given in Supplemental Table S5.
Mean total sleep time detected at the medium threshold was 16.5 h
in this sample of preterm infants with a mean age of 33.7 weeks.

According to the measures by actigraphy, mean activity counts
per day were 664 (total activity), 322 for the night (8 p.m.-8 am),
and 342 for the daytime (8 a.m.-8 pm). Ratios of day and night
activity were determined as an index of expressed rhythmicity. The
day/night activity ratio was 1.07, which indicates that 7% more total
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activity during the day than at night. All-day sleep data at a me-
dium threshold showed no significant difference according to the
feeding method of infants (Supplemental Table S6).

Sleep data were compared according to gestational maturity
(very pretermvsmoderate to late preterm, Supplemental Table S7).
Newborns born very preterm had longer nighttime and total sleep
duration compared to newborns born moderate to late preterm at
all activity thresholds except for the automatic threshold. Data
derived from aEEG and DO did not show significant differences
according to GA of the infants (Supplemental Tables S8 and S9).

Eight-hour actigraphy data were presented at each of the low,
medium, high, and automatic activity thresholds along with sleep
parameters derived from DO and aEEG (Table 2).

Sleep parameters derived from actigraphy at medium threshold
did not significantly differ either fromDO or aEEG (p > 0.05). Night-
time sleep and wake durations derived from all actigraphy
thresholds were not significantly different from DO and aEEG
(p > 0.05). aEEG-derived sleep parameters showed no significant
difference from DO (p > 0.05).

3.5.1. Epoch-by-epoch analysis
A total of n¼ 11252, 30-sec epochs were studied to calculate the

agreement of actigraphy and aEEG against direct observation.
Epoch-by-epoch agreement for all threshold settings for actigraphy
and direct observation is presented in Table 3. At all thresholds, the
agreement was largely equivalent with low kappas (0.14e0.17) and
PABAK coefficients (0.22e0.35) for actigraphy and DO. Moderate
agreement was observed between aEEG and DO according to the
PABAK coefficient (0.44).

Sensitivity, specificity, PVS, and PVW of actigraphy and aEEG
against direct observation were calculated at different activity
thresholds (Table 4).

Sensitivity (86.4%), agreement rate (67.9%), and PVW (47.9%) for
the actigraphy measurements were highest at the automatic ac-
tivity threshold whereas specificity (54.5%) and predictive value of
sleep (75.5%) were highest at the low activity threshold. Sensitivity
(79.3%) of aEEG against DO was high whereas specificity (54.3%)
was moderate.

Sensitivity, specificity, PVS, PVW, and agreement rates of actig-
raphy against aEEG were calculated at each activity threshold
(Table 5).

Sensitivity (86.1%) and agreement rate (68%) and PVW (46.4%)
for the actigraphy measurements were highest at the automatic
activity threshold. Specificity (51.5%) and PVS (74.4%) were highest
at the low activity threshold.

3.5.2. Concordance between sleep parameters
Bland-Altman statistics for all activity thresholds compared to

DO are presented in Table 6. There was no significant bias in sleep
parameters between DO and actigraphy at the medium activity
threshold. The differences in sleep parameters between actigraphy
at the medium threshold and DO fell between the limits of agree-
ment for almost all participants (Fig. 2). Actigraphy at medium
threshold tend to underestimate sleep and overestimate wake,
though the mean differences are small (between 3 and 6 min) as
shown in Table 6. Bland-Altman plots and mean differences for the
comparison of aEEG and DO and actigraphy medium threshold and
aEEG for sleep efficiency, sleep time, and awake time are shown in
Supplemental Figs. S2e4 and Tables S10e11. AEEG and DO-derived
sleep parameters showed no significant bias. Similarly, sleep pa-
rameters of actigraphy at the medium threshold were not statisti-
cally different compared to the aEEG.

3.5.3. Sleep and the NICU environment
There was no significant association of day and nighttime sound



Table 2
Sleep parameters derived from 8-h matched-data by direct behavioral observation, actigraphy for all activity thresholds and aEEG.

Direct Observation (DO) Actigraphy Activity Threshold aEEG

Low Medium High Automatic

Daytime sleep (min) 160.2 ± 28.3 195 ± 22.4*y 157.1 ± 35.9 181.7 ± 27.1*y 132.6 ± 35.7* 150 ± 33
Nighttime sleep (min) 172.1 ± 42.1 200.8 ± 23.8 168.5 ± 34.8 190.8 ± 29.2 144.4 ± 39.8 185 ± 39.3
Total sleep (min) 332.3 ± 44.7 395.8 ± 37.7*y 325.5 ± 62.5 378.5 ± 52.9 277.1 ± 68.1* 332.7 ± 38.2
Daytime wake (min) 79.7 ± 28.3 45.0 ± 22.4*y 82.9 ± 35.9 58.2 ± 27.1*y 107.3 ± 35.7* 90 ± 33
Nighttime wake (min) 67.9 ± 42.1 39.1 ± 23.8 71.4 ± 34.8 49.1 ± 29.2 95.5 ± 39.8 55 ± 39.3
Total wake (min) 147.6 ± 44.7 84.1 ± 37.7*y 154.4 ± 62.5 101.5 ± 52.9 202.9 ± 68.1* 147.2 ± 38.2
Sleep efficiency (%) 69.2 ± 9.3 82.4 ± 7.8*y 67.7 ± 13 78.8 ± 11 57.7 ± 14.1* 69.2 ± 7.9

Data were represented as mean ± standard deviation.
*significantly different from DO p < 0.05.
ysignificantly different from aEEG p < 0.05.

Table 3
Epoch-by-epoch agreement for all activity threshold levels for actigraphy and aEEG
with direct observation.

Actigraphy Activity Threshold aEEG

Low Medium High Automatic

%Agreement 61.1 64.2 66.6 67.9 72
Kappaa 0.170 0.162 0.144 0.155 0.345
PABAKb 0.220 0.283 0.331 0.357 0.440

a Cohen's kappa.
b Prevalance and Bias Adjusted Kappa.
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and light levels with the sleep parameters determined by aEEG and
direct observation.

Mean sound levels at daytime showed a negative correlation
with total daytime sleep (rs: �0.55, p ¼ 0.02) and a positive cor-
relation (rs: 0.55, p ¼ 0.02) with daytime wake duration measured
by actigraphy. Other sleep parameters by actigraphy did not show a
significant association with the sound and light levels in the NICU.

4. Discussion

Our study compared epoch-by-epoch gold standard DO scores
Table 4
Sensitivity and specificity analysis of actigraphy and aEEG against direct observation.

Actigraphy Activity Threshold

Low Medium

Sensitivity, % (CI) 64.1 (63e65.1) 74.4 (73.5e75.4)
Specificity, %(CI) 54.5 (52.8e56.1) 41.7 (40.1e43.4)
PVS, %(CI) 75.5 (74.4e76.5) 73.6 (72.6e74.6)
PVW, %(CI) 40.9 (39.5e42.4) 42.8 (41.1e44.4)

CI: Confidence Interval.
PVS: Predictive value for sleep.
PVW: Predictive value for wakefulness.

Table 5
Actigraphy against aEEG.

Actigraphy Activity Threshold

Low Medium

Sensitivity, % (CI) 62.5 (61.4e63.6) 73.6 (72.6
Specificity, % (CI) 51.5 (49.8e53.1) 40.2 (38.6
PVS, % (CI) 74.4 (73.3e75.5) 73.5 (72.6
PVW, % (CI) 37.8 (36.4e39.2) 40.3 (38.7
AR 59.1 63.3

CI: Confidence Interval.
PVS: Predictive value for sleep.
PVW: Predictive value for wakefulness.
AR: Agreement rate.
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and actigraphy/aEEG to assess the effectiveness of actigraphy for
predicting sleep/wake states in preterm-born infants after 32
weeks of age in the NICU setting. The sensitivity and AR of actig-
raphy were highest at the automatic threshold wherein the lowest
specificity and PVS were also observed. Specificity (27.3e54.5%)
and PVW (40.9e47.9%) were low across all the thresholds whereas
sensitivity (64.1e86.4%), PVS (72e75.5%) and AR (61.1e67.9%) was
moderate-high at each of the thresholds. Comparison of aEEG
against DO revealed similar results with a sensitivity of 80.1%,
specificity of 54.3%, and AR of 72%, however, slightly better agree-
ment between the twomethods was observed. Actigraphy medium
threshold showed no significant bias compared to DO and aEEG.
Our results add to the limited knowledge about the utility of
actigraphy for depicting sleep/wake states in typically developing
preterm infants. In addition, aEEG may be an alternative adjunctive
method to actigraphy for the evaluation of sleep/wake states of
preterm infants in the NICU setting.

To our knowledge, our study is one of the few studies performed
in very young infants born preterm [15e21]. We performed sleep
assessments at a mean of 34 weeks of PMA. Only a few studies used
actigraphy for sleep assessments at such a young age when the
infants were still in the NICU. In the study of Sung and others
actigraphy was compared with direct observation in preterm
aEEG

High Automatic

83.4 (82.5e84.2) 86.4 (85.7e87.2) 80.1 (79.2e81)
29.8 (28.3e31.3) 27.3 (25.8e28.8) 54.3 (52.7e56)
72.2 (71.2e73.1) 72 (71.3e73.1) 79.3 (78.4e80.2)
45 (43e47.1) 47.9 (45.7e50.1) 55.6 (53.9e57.2)

High Automatic

e74.6) 83.4 (82.5e84.2) 86.1 (85.4e86.9)
e41.9) 30 (28.5e31.6) 26.7 (25.3e28.3)
e74.5) 72.9 (72.0e73.8) 72.5 (71.6e73.4)
e42.0) 44.4 (42.4e46.5) 46.4 (44.2e48.6)

66.9 68



Table 6
Bland-Altman statistics for actigraphy compared to direct observation at all threshold settings.

Actigraphy threshold level

Low Medium High Automatic

Daytime sleep Mean Difference �34.70* 3.23 �21.47* 27.64*
SD Difference 28.58 32.25 26.14 31.67
Lower Limit �90.73 �59.98 �72.71 �34.44
Upper limit 21.31 66.45 29.77 89.73

Nighttime sleep Mean Difference �28.82 3.52 �18.82 27.64
SD Difference 43.85 52.52 47.05 58.71
Lower Limit �114.78 �99.41 �111.04 �87.42
Upper limit 57.13 106.47 73.40 142.72

Total sleep time Mean Difference �63.52* 6.76 �46.17 55.29*
SD Difference 48.50 62.44 59.14 69.15
Lower Limit �158.59 �115.63 �162.10 �80.25
Upper limit 31.53 129.16 69.75 190.83

Daytime awake Mean Difference 34.70* �3.23 21.47* �27.64*
SD Difference 28.58 32.25 26.14 31.67
Lower Limit �21.31 �66.45 �29.77 �89.73
Upper limit 90.73 59.98 72.71 34.44

Nighttime awake Mean Difference 28.82 �3.52 18.83 �27.64
SD Difference 43.85 52.52 47.05 58.71
Lower Limit �57.13 �106.47 �73.40 �142.72
Upper limit 114.78 99.41 111.04 87.42

Total awake time Mean Difference 63.52* �6.76 46.17 �55.29*
SD Difference 48.50 62.44 59.14 69.15
Lower Limit �31.53 �129.16 �69.75 �190.83
Upper limit 158.59 115.63 162.10 80.25

Total sleep efficiency Mean Difference �13.21* 1.42 �9.60 11.53*
SD Difference 10.10 13.00 12.31 14.40
Lower Limit �33.01 �24.06 �33.73 �16.69
Upper limit 6.58 26.91 14.52 39.76

*p < 0.05.

Fig. 2. Bland Altman plots for the comparison of each sleep parameter. The mean of the sleep parameters with actigraphy and direct observation are represented in the x-axis and
the differences (indicating mean biases) between the two techniques are represented in the y-axis. Each dot indicates a subject. The dashed lines below and above the reference
lines (the dashed line passing through zero and indicating perfect agreement) represent ± standard deviations.
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infants at 2 weeks of postnatal age [17]. The highest agreement rate
(84.5e88.9%), PVS (91.3e95.6%), and sensitivity (88.2e96.8%) was
found in the low activity threshold. Specificity and PVW were low
suggesting that actigraphy is not reliable for determining wake-
fulness but can be used to indicate sleep in preterm infants in the
NICU settings. Another study for validation of actigraphy in preterm
infants against DO demonstrated the highest sensitivity, AR, and
lowest specificity in high and automatic threshold in a sample of
preterm born infants [21]. The highest specificity and PVS were in
the low threshold. Their results were very similar to our results
indicating that actigraphy can be used to detect sleep in preterm
infants in NICU settings with high sensitivity, though concerns
related to the detection of wake episodes remain due to low
specificity.

Studies investigated the utility of actigraphy in the assessment
of preterm infants’ sleep patterns since gold standard methods
such as polysomnography or direct behavioral observation are
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time-consuming and complex but still there is a need for objective
sleep assessment of preterm infants in the NICU [19,20]. Validity
studies revealed conflicting results. The highest values for metrics
at different thresholds differ in each study which might be attrib-
uted to the study methods and study population (term, late pre-
term or moderate preterm, very preterm, healthy vs sick) [16e19].
The diverse methodology of the existing studies renders the results
non-comparable but in general, even though studies demonstrate
high sensitivity of the actigraphy with the gold standard method,
specificity remains low, whichmight limit the validity of actigraphy
in preterm infants [39,40].

It has been suggested that robust validation of actigraphy cannot
be achieved without adequate representation of sleep and wake
epochs [19]. Low specificity values might be expected because of
the unequal distribution of wake and sleep epochs during recording
time [16,21]. However, a balanced representation of wake and sleep
may not be possible; particularly in preterm infants, because
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infants spent most of their time in sleep [41]. In line with his,
available studies recorded limited wake periods [16e18,21]. Longer
recording time is suggested to capture more wake data and our
study reported a substantial amount of recorded epoch number in
preterm infants. In contrast to many other studies including
interfeeding periods exclusively, which may cause over-
representation of sleep data, our study included feeding periods, as
well [17,19]. Nevertheless, equal distribution of wake and sleep
epochs was not achieved as reported in other studies. To support
the validity of actigraphy, it has been suggested that other reli-
ability statistics such as Kappa estimates of reliability, correlation,
and Bland Altman plots should be reported [40]. According to the
Kappa estimates, in our study, there was a low agreement between
actigraphy vs DO, and aEEG vs DO. However, after adjusting for the
prevalence of sleep and wake data, the PABAK coefficient showed a
moderate agreement between aEEG and actigraphy. In addition,
Bland Altman plots revealed that actigraphy compared to DO
underestimated sleep-related parameters while overestimating
wake-related parameters, which means that actigraphy failed to
detect some sleep episodes, while activity is increased or differ-
entiate wake while activity is decreased. Yet, the mean differences
in sleep parameters were not significant at the medium threshold,
indicating that actigraphy at the medium threshold can be used to
determine the sleep pattern of preterm infants in the NICU. Inter-
estingly, actigraphy-derived sleep parameters showed also no sig-
nificant bias compared to the aEEG. These results may support the
use of aEEG as an adjunct to actigraphy at the medium threshold in
estimating sleep and wake cycles of preterm infants in the NICU
setting.

Even though questions related to the reliability of actigraphy in
detecting sleep cycles of neonates exist, actigraphy has been pro-
posed to be useful in detecting irritability of the newborns in the
NICU [19]. In line with this, we detected that with increasing day-
time sound levels, the activity of neonates detected as wake by
actigraphy was increased which was not observed in other
methods. Nighttime sound levels did not seem to increase the ir-
ritability of the infants, most probably because of the lower levels
compared to the daytime. It is suggested to incorporate non-
obtrusive sleep measurements in daily ward round assessments
in order to underline the importance of sleep in neonatal health
[42]. Considering actigraphy as an objective measure of infant ir-
ritability may help in optimizing the NICU environment to promote
sleep.

Since actigraphy is a non-intrusive method for sleep estimation,
efforts to increase reliability in infants are still ongoing. New
methodologies such as applying adjustments of sleep estimation to
reduce disagreement between the algorithms may increase the
reliability of actigraphy for infants [43]. A newly developed scoring
algorithm recently presented increased specificity of actigraphy in
adults [44]. The value of changing algorithms in the actigraphic
assessment of sleep in preterm infants has to be studied to increase
specificity in preterm infants.

Our study is unique in investigating the validity of actigraphy
against both DO and aEEG performed in typically developing pre-
term infants in the NICU setting. However, the study has some
limitations. It is obvious that actigraphy cannot be used inter-
changeably as a gold standard method. Considering the low spec-
ificity, actigraphy might not be an appropriate diagnostic tool for
preterm infants. Even in healthy adults, the specificity of actigraphy
may remain low [45]. This is mainly due to the reason that actig-
raphy tends to misclassify motionless wake epochs as sleep.
However, actigraphy might still be useful for monitoring sleep
patterns in this highly vulnerable group of infants in NICU care,
because further agreement analysis revealed no significant bias in
sleep parameters at the medium threshold. Limitations of
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actigraphy in the assessment of sleep patterns of preterm infants
have been defined. Since actigraphy is basically a motion sensor, it
may not discriminate between periods of quiet wakefulness and
sleep or active sleep and wakefulness. High number of body
movements has been noted in preterm infants, especially during
active sleep. Besides, actigraphy is prone to artifacts such as
external motion. Despite the limitations, actigraphy is still being
investigated to document the sleep patterns of preterm infants
[20]. To overcome these challenges, documentation of sleep and
wake periods is necessary by complementary methods such as
sleep diaries. In our study, aEEG showed considerable sensitivity
and AR, therefore, aEEG may be an alternative complementary
method to support actigraphy findings in the NICU settings.

5. Conclusion

In conclusion, actigraphy is a noninvasive practical tool for sleep
assessments of preterm infants in the NICU with high sensitivity
and AR and nonsignificant bias at the medium threshold. However,
results should be interpreted cautiously since specificity and PVW
are low. Adjunctive methods such as sleep diaries or aEEG, which is
another bedside tool, might add to the clinical application of
actigraphy in the NICU.
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