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Background: Sleep plays a major role in neuronal survival and guiding the fetal brain's development.
Preterm infants in the neonatal intensive care unit are exposed to numerous external stimuli that can
severely disrupt their sleep/wake patterns. Currently, almost no behavioral classification scales are
validated for preterm infants. This study aims to develop a new, easy-to-use, validated visual sleep stage
classification system for preterm infants with a gestational age between 25 and 37 weeks.
Methods: The Behavioral Sleep stage classification for Preterm Infants (BeSSPI) consists of four sleep-
wake stages; active sleep (AS), quiet sleep (QS), intermediate sleep (IS) and wake (W), which are clas-
sified using seven items. Items include eye movements, body movements, facial movements, vocaliza-
tions, heart rate, respiratory pattern and activity level.
Results: 69 preterm infants were observed (24 þ 6e36 þ 0 weeks GA at birth; 25 þ 2e36 þ 6 weeks PMA
at observation; 57.3% male). Across all 69 infants, the BeSSPI was based on 10,922 min of observed
behavior, with 4264 min AS (38.83%), 2873 min QS (26.16%), 2887 min IS (26.29%), and 957 min W
(8.72%). For the final BeSSPI, an interrater agreement of k ¼ 0.80 was reached. Additionally, construct,
content, face validity, and expert validity were carefully assessed and deemed satisfactory.
Conclusions: We developed a method to evaluate sleep-wake stages that is simple for all neonatal
healthcare providers to learn and use. The BeSSPI is of high reliability and validity. Furthermore, it can be
used in all preterm age-groups. Therefore, this novel instrument may improve rigor and reproducibility
for future preterm sleep research.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Worldwide, approximately 15 million children are born pre-
maturely each year [1]. The sudden change in environment from
the safety of the womb to an incubator in the neonatal intensive
care unit (NICU) affects several key developmental milestones,
oftenwith long-lasting consequences [2e9]. Additionally, up to half
of all infants born preterm are at risk of developing lifelong health
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complications, including neurodevelopmental and behavioral dis-
abilities [10e12].

During the neonatal intensive care period, several factors such
as inflammation, hypoxia, stress, and medication, can have nega-
tive impacts on preterm brain development [13e18]. However,
little is known about the exact role of preterm sleep and wake
stages on brain development. This knowledge gap is particularly
surprising because behavioral states and neuronal circuits develop
simultaneously. However, it is unclear if sleep and brain devel-
opment are merely temporally related and otherwise indepen-
dent, or if one drives the other e and if so, which way around [19].
Moreover, it seems that sleepewake states differ significantly
between a fetus in the third trimester and a preterm infant in the
NICU [20].
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Abbreviations

AS Active sleep
BeSSPI Behavioral sleep stage classification for preterm

infants
BSSC Behavioral sleep stage classification
CA Conceptional age
GA Gestational age
HR Heart rate
IS Intermediate sleep
nCPAP Nasal continuous positive airway pressure
NICU Neonatal intensive care unit
nIPPV Non-invasive positive pressure ventilation
PDCA Plan-do-check-act
PMA Postmenstrual age
PSG Polysomnography
QS Quiet sleep
REMs Rapid eye movements
RP Respiratory pattern
S-IMV Synchronized intermittent mandatory ventilation
sIPPV Synchronized intermittent positive pressure

ventilation
W Wake
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To obtain knowledge on the effects of preterm sleep, informa-
tion on sleep stage distribution, duration and quality must be
effectively and efficiently monitored. In addition, preterm sleep
quality can be used as a diagnostic and predictive tool for neuronal
health and as a real-time monitoring tool for overall wellbeing
[21e23]. Finally, the ability to monitor sleep in real-time may allow
medical staff to plan elective caregiving with minimal disruption of
the sleep cycle [24].

To our knowledge, currently in literature no consensus exists on
how to assess sleep in preterm born infants. This makes it
increasingly difficult to interpret results between studies. Poly-
somnography (PSG) and behavioral observations are used most
frequently. However, PSG requires attachment of additional sensors
and electrodes, which can cause skin damage and consequently
increase risk for infection [25], require significant expertise for
interpretation, and results are not available in real time. Finally, EEG
measuresmay also be used, however they seem to be less reliable in
preterm infants <28 weeks postmenstrual age (PMA) [26]. Two
well-known polygraphic scales have been developed by Curzi-
Dascalova and Mirmiran [27] and Anders, Emde and Parmelee
[28]. Both scales provide extensive information on using a combi-
nation of EEG measures, vital parameters and behavioral observa-
tions to classify sleep stages. Interestingly, the observational criteria
described by Curzi-Dascalova [27] and Anders [28] are frequently
used separately to classify sleep stages [29]. However, no published
evidence exists on validity of using the observational part of these
scales as a stand-alone method for preterm infants.

Nevertheless, the value of behavior observational sleep stage
classification (BSSC) is undeniable. BSSC seems to be one of the
most versatile ways to monitor sleep stages in preterm infants.
Behavioral observations are non-obtrusive, possible in all settings
and even used in extremely preterm infants [29]. One of the most
used standardized BSSCs is the manual by Brazelton and colleagues
[30]. In this manual, the active sleep stage (AS) was defined by
closed eyes, rapid eye movements (REMs), low activity levels,
random movements, startles, responsiveness to internal and
external stimuli, irregular respiration, and sucking. Quiet sleep
stage (QS) was defined by closed eyes, no eye movements, no
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spontaneous activity, occasional startles and jerks, and regular
respirations. Several other methods have been published based on
similar criteria [31e33]. Other frequently used and well-known
methods were developed by Prechtl [34], Stefanski [35], and Tho-
man [36].

It is important to note that of the previously mentioned BSSCs,
only Stefanski's method was developed using a preterm sample.
Thus, to date, preterm sleep has mainly been studied using
methods originally developed for full-term infants. Yet, full-term
infants show distinct sleep architecture [37], making the reli-
ability of these methods in preterm samples questionable.
Furthermore, despite rapid progress in neonatal sleep research,
sleep studies in extremely preterm infants (<28 weeks post-
menstrual age; PMA) and very preterm infants (<32 weeks PMA)
have remained relatively underemphasized. Until now, only two
BSSCs have been developed for extremely preterm infants [38,39].
However, their reliability and validity have not been assessed. In
short, a fully valid and reliable BSSC to study extremely preterm
infants does not currently exist, although sleep seems to be one of
the most important protective factors for proper brain develop-
ment [40].

The current study aims to develop an optimal system to classify
sleep stages in preterm infants. Such ‘optimality’ will comprise a
new, easy-to-use, validated and reliable behavioral sleep stage
classification system that can be applied to extreme and very pre-
term infants, within the first postnatal days and weeks. We aim to
develop a Behavioral Sleep stage classification for Preterm Infants
(BeSSPI) that is easily reproducible and could be easily used in most
clinical settings without additional technical requirements and
knowledge. Furthermore, it is essential that sleep stage classifiers
be readily implemented in clinical care worldwide to guide studies
and quality improvement work designed to promote sleep in pre-
term infants.

2. Methodology

The Behavioral Sleep stage classification for Preterm Infants
(BeSSPI) was developed using a plan-do-check-act (PDCA) cycle
(see Supplement A for an overview). Sleep stage definitions were
based on two systematic literature reviews conducted by our group.
The first considered heart rate and respiratory frequency in preterm
sleep [41], and the second encompassed an extensive overview of
previously developed BSSCs [29]. The second review also elabo-
rated on the reliability and validity of BSSCs and the most-used
scoring items. The items that emerged from this review were
used as the basis for the BeSSPI.

During the first PDCA cycle the first version of the scale was
developed and the interrater agreement (Fleiss' kappa) was calcu-
lated to assess reliability of the scale (‘plan’ phase), using video
data. Afterwards, observers independently classified a group of
preterm infants to gain experience with preterm sleep behavior
(‘do’ phase). At the end of each PDCA cycle, the interrater agree-
ment was discussed among the researchers and the scale was
adapted based on the observers' experience during the separate
observations (‘check’ and ‘act’ phase). Then the scale was explained
to a new group of researchers, who repeated the process. The final
research team combined notes from all PDCA cycles into a final
scale. Validity and reliability of the final scale was assessed exten-
sively (see also Supplement A: Fig. S1).

2.1. Participants and setting

A population of 69 preterm infants between 25þ0-weeks and
36þ6-weeks PMA (born between 24þ6-weeks and 36þ0-weeks
GA) was included for observation to develop the final BeSSPI. The
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infants were all admitted to the NICU of the Wilhelmina Children's
Hospital in Utrecht. The exclusion criteria in all cases were infants
diagnosed with congenital malformations, seizures, and significant
brain injury (eg, intraventricular hemorrhage grade 3 or 4, post-
hemorrhagic ventricular dilatation, and cystic periventricular leu-
komalacia). Infants who were currently receiving sedatives or
invasive respiratory support were also excluded, as were infants
whose mothers' used narcotics during pregnancy.

Parents were informed regarding the observational research,
and they gave written informed consent. The research protocol
(21e066C) was presented to the Medical Research Ethics Com-
mittee (METC), who confirmed that the Medical Research Involving
Human Subjects Act (WMO) does not apply to this study.
2.2. The BeSSPI

The sleep/wake cycle was divided into four stages for the
BeSSPI: active sleep (AS), quiet sleep (QS), intermediate sleep (IS),
and wake (W). Note that in the BeSSPI ‘IS’ refers to intermediate
sleep e not indeterminant sleep, which is commonly recorded in
other infant sleep staging systems e intermediate sleep (IS) is
considered a transitory stage. Therefore, IS is not used to indicate
epochs during which it was unclear if it should be classified as AS or
QS (see 2.2.4. Intermediate sleep and 2.2.8. Confidence scores for
more information). See Table 1 for the description of these stages.
Stages were classified in 1-min epochs (see 2.2.2. Epochs below).
The observations took place during the daytime in 1- to 3-h time
slots. Observations were performed by two to three independent
researchers per PDCA cycle (seven researchers in total; in the last
PDCA cycle this were EG, AB, CS).

Observations were either performed live, next to the incubator,
or using video footage when permission was given to record the
infants. Videos were recorded using two synchronized camera's e
one on a portable tripod recording the infant and one recording the
vital signs monitor. An observation form was used to record infor-
mation regarding the determined sleep characteristics (see
Supplement B). Observations were not performed during kangaroo
care (skin-to-skin care) and were planned before or after routine
scheduled nursing care, where possible, to avert interference with
the observations.
Table 1
Sleep stage definitions. A general overview of characteristics that can occur during diffe
transition stage, which is only classified when a clear transition between AS and QS or be
Item characteristics are based on the in-house developed BeSSPI. For an extensive overv

Active Sleep

Eyes Closed
Rapid eye movements (closed or slightly opened eyes)

Body movements Gross movements
Small movements

Facial movements Non-reflexive facial movements
Non-rhythmic mouth movements

Vocalizations Grunts
Distressed sounds
Reflexive sounds

Heart rateb Irregular
Respiratory patternb Irregular
Activity level High

a High muscle tension was assessed by visual observation [29]. Writhing, stirring or str
mainly considered an AS characteristic [29].

b Heart rate and respiratory pattern assessment was based on observation of the beds
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2.2.1. Items
Seven items were used to distinguish between sleep stages (for

specifics see Supplement C). These items included eye movements,
body movements, facial movements, vocalizations, heart rate, res-
piratory pattern and activity level, with eye movements being the
most important. Rapid eye movements (REMs) are essential in
distinguishing AS from QS; REMs do not occur during QS.
Furthermore, face and body movements were carefully considered.
Specific movements can occur during both AS and QS. When this is
the case, activity level was used to determine the sleep stage. A high
activity level, which is characteristic for AS, was defined by the
following:

1. Movements occurring for the majority of two 15-s periods
within a single 1-min epoch.

2. Movements occurring for more than 15 consecutive seconds.
3. More than three separate movements in an epoch. Rhythmic

movement series, such as mouth/sucking movements, were
counted as one movement.

With this, activity level served both as a ‘summary’ of the
perceived activity during an epoch and as a cut-off when move-
ments that can occur during QS occur in high frequency. In addition,
vocalizations were assessed, however, vocalizations were difficult
to distinguish when observing an infant in a closed incubator.

Finally, heart rate (HR) and respiratory pattern (RP) were
measured using the ‘Philips Intellivue MP70 Neonatal monitors’
bedside monitor (Koninklijke Philips N.V., Eindhoven, The
Netherlands). We took into account that age influences cardiore-
spiratory parameters in the following ways [41]:

2.2.1.1. Respiratory pattern

- Increased postnatal age is related to generally faster RP [41].

- There is also an indication that:
o RP is higher in QS than in AS for 27e32 wk PMA [41].
o RP does not differ between QS and AS for 31e34 wk PMA [41].
o RP is higher in AS than QS for late preterm infants (>35 wk
PMA) [41].
rent stages. Note that in the current system intermediate sleep (IS) is considered a
tween wake and sleep occurs (for more information, see ‘2.2.4. Intermediate sleep’).
iew and explanations, see Supplement C.

Quiet Sleep Wake

Closed Open

Reflexive movements Gross movements
High muscle tensiona No movements
No movements
Reflexive facial movements Full range of facial movements
Rhythmic mouth movements
No facial movements
Sobs/Sighs Full range of vocalizations
Reflexive sounds

Regular Regular, but faster
Regular Regular, but faster
Low Either high or low

etching may also be considered high muscle tone, however these characteristics are

ide monitor.
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2.2.1.2. Heart rate

- Increased gestational age (GA) at birth is related to lower HR
[41].

- Increased postnatal age is related to higher HR [41].

- Increased GA at birth is related to higher heart rate variability
(HRV; mainly in AS) [41].

- Increased postnatal age is related to higher HRV [41].
2.2.1.3. Cardiorespiratory coupling

- Cardiorespiratory synchronization/coupling only starts to occur
between 27- and 32-weeks PMA [41]. So, before 27e32 weeks
PMA, HR and RP cannot be expected to show similar patterns. If
there was a discrepancy between HR and RP, other items were
considered with more weight.

When an infant was of lower postnatal age, the observers took
into account that
Fig. 1. A schematic overview of the AS vs. QS classification of the BeSSPI. In the flowcha
displayed.
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1) between 31 and 34 weeks PMA, RP may differ less between QS
and AS;

2) before 33 weeks PMA, HR be generally lower; and
3) before 32 weeks PMA irregular HR may not always be accom-

panied by irregular RP (and vice versa).

Finally, HR and RP may become more irregular during startles,
stretches, jerks, apneas, and bradycardias. When such a reflexive
body movement or cardiorespiratory event occurs, an irregularity
in HR/RP not necessarily indicates that the epoch should be clas-
sified as AS.

For a summarized overview of all items and visual aid to be used
during observations, see Fig. 1.
2.2.2. Epochs
Epochs were 1 min, which we found to be long enough to

observe all parameters multiple times and short enough that sleep
stages were unlikely to vary during the epoch. It is important to
mention that this deviates from polysomnograms, which are
divided into 30 s epochs. However, we found 30 s was too short to
reliably register all characteristics multiple times. To prevent the
influence of one overlooked behavior to bias the whole epoch, we
decided to elongate the epochs. Additionally, the observations were
rt only distinctive characteristics between quiet sleep (QS) and active sleep (AS) are
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divided into 15-s intervals within these epochs, to assess each
parameter at least four times.

2.2.3. Baseline observation
As some infants are generally more active than others or have

more variable HR and RP baselines, a 15-min baseline observation
was undertaken to adapt the observation to these individual dif-
ferences. During these baseline observations synchrony between
HR and RPwas taken into account, as well as the amount of face and
body movements. This knowledge is then used to further inform
choices with regard to sleep stage. For example, if relatively regular
HR and RP are seen in combination with a relative high number of
twitches and the absence of REMs, the observer knows that the
baseline body-activity may be high. Behavior was classified in sleep
stages using the BeSSPI, but these classifications are not used in
further analyses.

2.2.4. Intermediate sleep
In the BeSSPI, intermediate sleep (IS) was considered a transi-

tion stage between QS and AS, or between sleep and W. During
observations, it can be difficult to see transitions in real-time due to
the disorganized nature of extremely preterm sleep. Therefore, the
focus was mainly on QS and AS classifications. An epoch was clas-
sified as IS only when there was a clear transition stage.

2.2.5. Drowsy
Infants enter a stage that the literature frequently calls “drowsy”

when transitioning from wake to sleep. We classified this stage as
“IS”. The drowsy stage is frequently characterized by open, unfo-
cused eyes (“glassy eyes”) or opening and closing the eyes and may
strongly resemble AS with REMs. However, there are some char-
acteristics of an infant being drowsy that do not frequently occur
during AS:

1. Variable activity levels with relatively little body movement
[30,36,42].

2. Vocalizations (sometimes fussy) [42,43];
3. Regular respiratory pattern, but higher than during QS [43e45];
4. Possible reactivity to sensory stimuli [30];
5. Often occurs after wake.
2.2.6. Wake
While the infant is awake, different types of behavior can be

distinguished; the infant may be calm, fussy, or highly responsive
and the eyes are open. However, these stages were not distin-
guished in the BeSSPI, as it focusses on sleep behavior.

2.2.7. Crying
When an infant was crying (C), this was generally considered as

W. However, sometimes crying could occur during sleep (AS or IS)
in the following manner:

1. The infant cries for less than 5 s.
2. Crying starts and stops instantly.
3. The behavior before and after crying clearly resembles sleep.

In this case, the epoch was classified as AS if the sleep behaviors
before and after crying represent AS. The epoch was classified as IS
if the sleep behaviors before and after crying represent QS or IS.

2.2.8. Confidence scores
Confidence scores were added after an epoch was classified to

note the observer's confidence in the classification, using the
following scores:
171
1 ¼ Highly confident that this sleep stage is correct (80e100%
confidence).

0 ¼ Relatively confident that this sleep stage is correct (50e80%
confidence).

�1 ¼ Not confident that this sleep stage is correct (0e50%
confidence).

A confidence score of 0 or -1 is different from classifying a stage
as IS: if a stage is clearly disorganized or resembles a transition, an
IS stage was recorded. If the observer thought they may have
misinterpreted an item that is non-characteristic for the current
stage, such as REMs during QS that may have been an eye-twitch,
they were able to decrease the confidence score and retrospec-
tively consider the more plausible event, a transitory stage or just a
misinterpreted twitch.

2.2.9. Smoothing
As the BeSSPI was relatively complex and the researchers may

not have classified each epoch with 100% confidence, reclassifica-
tion and smoothing were applied retrospectively. With smoothing,
epochs with lower confidence scores (0 or �1) were reassessed
based on the information recorded on the observation form.
Reassessment was be done by using the manual, discussing with
well-trained fellow researchers, or consulting the literature.

Given the heterogeneous nature of infant sleep states, particu-
larly relating to age and sleeping position [41], age, position, and
interventions were recorded to allow these characteristics to be
applied in retrospective smoothing.

2.3. Data analysis

Interrater reliability (Fleiss' kappa; [46]) was calculated during
each PDCA cycle. Interrater reliability measures the degree of
agreement between raters, corrected for the extent of agreement
expected by chance alone. Fleiss' kappa is specifically developed for
measuring the agreement among any (constant) number of raters,
as opposed to Cohen's kappa, which is only fit for calculating
agreement between two raters at a time [46]. All interrater reli-
ability scores are calculated with video data. In this way it was
certain that all observers could see the same information.

In addition to the observers’ agreement on sleep stage classifi-
cation as a whole, agreement on different characteristics, such as
occurrence of REMs, was calculated to determine if disagreement
between observers was caused by differences in identification or
interpretation. Finally, the confidence score helped to determine if
disagreements also occurred when observers were highly
convinced of their classification.

Furthermore, content and construct validity were assessed
during the development of the BeSSPI to determine to what degree
items the individual represented the measured construct (ie sleep
stage) andwhether the items covered the full range of the construct
[47]. First, an over-complete version of the BeSSPI was created,
including all items identified in the literature and all behaviors that
we frequently observed in our clinical practice. Subsequently, the
literature was used to identify which items were similar and could
be rationally combined [29].

Finally, to determine expert and face validity, qualified clinicians
with extensive experience in classifying preterm sleep (Dr. Jeroen
Dudink and Dr. Ren�ee Shellhaas) were consulted for their feedback
on the BeSSPI. Both clinicians systematically assessed the method
used to develop the BeSSPI and the items used to classify sleep.

3. Results

Eight observations were done using 5 videos and 69 observa-
tions were done at the bedside. All video observations were used to
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calculate interrater reliability (see below). We made sure that only
videos were obtained from the 69 infants that were observed at the
bedside, within a few days of bedside observation. For bedside
observations the median age of infants was 30 weeks and 2 days
PMA at observation, ranging from 25 weeks to 2 days to 36 weeks
and 6 days. The median age of infants at birth was 28 weeks and 4
days GA, ranging from 24 weeks to 6 days to 36 weeks. Patient
characteristics are shown in Table 2.

3.1. Inter- and intra-rater agreement

For the first three PDCA cycles, reliability showed a decreasing
trend, with a Fleiss’ kappa of k ¼ 0.76, k ¼ 0.48 and k ¼ 0.46,
respectively. Each PDCA cycle was completed by a different
research group, consisting of research interns with a medical,
neuroscience, biology and/or psychology background (Supplement
A). For a complete overview of all interrater agreements, see
Supplement D.

An interrater agreement of k ¼ 0.80 for all sleep stages was
reached for the final version of the BeSSPI, both during the first
observation and the retest. Furthermore, intrarater agreements of
k ¼ 0.93e0.79 were reached. Interrater and intrarater agreements
ranged between k ¼ 0.41e1.00 for individual items (see Table 3).
After removing the first 15 min of the observation (ie the base-
line), interrater agreements increased by 0.01e0.15 points. All
interrater agreements were calculated between three observers
(EG, AB and CS).

3.2. Validity

Construct and content validity were continuously assessed. All
known aspects of sleep behavior were considered by basing the
BeSSPI on previous behavioral observation methods. All items
included in previous methods or that we saw ourselves during
observation, such as the occurrence of hiccups inducing stage
change, were included in the final BeSSPI. After thoroughly evalu-
ating the usefulness of the categories as a whole, redundant items
were combined or removed from the BeSSPI.

Furthermore, the BeSSPI was checked for expert and face val-
idity by two healthcare professionals with expertise in preterm
Table 2
General patient characteristics of infants per scale.

PDCA cycle#1 PDCA cycle

Number of infants N ¼ 36 N ¼ 18
Sex M ¼ 19 M ¼ 11

F ¼ 17 F ¼ 7
GA at birth
Median (range)

29w þ 2d 26w þ 4d
(25 þ 2e36 þ 0) (24 þ 6e34

Birth weight 1274 g 1003 g
Median Apgar score (1/5/10 min) 6/8/8 6/7/8
IQR Apgar score (1/5/10 min) 5/3/1 2/1/1
PMA at observation
Median (range)

30w þ 4d 31w
(26 þ 0e36 þ 6) (25 þ 2e33

Respiratory support during observation No ¼ 10 No ¼ 2
Optiflow ¼ 5 Optiflow ¼
nCPAP ¼ 14 nCPAP ¼ 6
nIPPV ¼ 6 nIPPV ¼ 4
sIPPV ¼ 1 sIPPV/S-IMV

Phototherapy during observation N ¼ 13 N ¼ 0
Sleeping position during observation Supine ¼ 10 Supine ¼ 1

Lateral ¼ 24 Lateral ¼ 12
Prone ¼ 10 Prone ¼ 4

Minutes observed Total ¼ 6017 Total ¼ 238
Mean per observation ¼ 167 Mean per o

D: Days; GA: Gestational age; nCPAP: Nasal continuous positive airway pressure; nIPPV:
deviation; S-IMV: Synchronized intermittent mandatory ventilation; sIPPV: Synchronize
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sleep-behavior (JD and RS). The cyclic method of adapting the scale
and calculating multiple interrater agreements was considered to
be a precise and comprehensive way to develop an observational
scale. Items corresponded with the expected behaviors, based on
clinical and scientific expertise.
3.3. Data gathered using the new classification

The BeSSPI was based on 10,922 min of observed behavior (69
infants), with 4231 min AS (38.74%), 2868 min QS (26.26%),
2866 min IS (26.24%), and 957 min W (8.76%) (see Table 4).

During the 10,922 min of observation, 191 interruptions took
place (see Table 5). These interruptions all involved essential han-
dlings by a caregiver (nurse, parent, or doctor) opening the incu-
bator. Interruptions included but were not limited to feeding,
checking lines, care after bradycardia or apneas, and ultrasounds. If
possible, observations were continued during interruptions. How-
ever, if visibility of the infant decreased too much, the epoch was
classified as not available (NA).
4. Discussion

We have developed and validated an easy-to-use. new BSSC (the
BeSSPI) for preterm infants from 25 to 37 weeks PMA, within the
first postnatal days and weeks of life. The BeSSPI had very good
inter- and intra-rater reliability and should be readily applicable for
clinical, research, and quality improvement purposes in the NICU.
The process included four PDCA cycles, conducted over three years.
This extensive process resulted in the final BeSSPI and included an
in-depth overview of expected behaviors during different sleep
stages. The BeSSPI achieved a high interrater agreement of k¼ 0.80.

Compared to previous scoring systems [29], the BeSSPI is unique
in several ways: first, the influence of age is considered when
assessing heart rate and respiratory pattern characteristics; second,
the BeSSPI includes confidence scores to be indicated per epoch by
observers; third a section on “smoothing” the data was added,
allowing classifications to be adapted retrospectively to increase
accuracy; and fourth, a decision flowchart was created to improve
usability (Fig. 1).
#2 PDCA cycle#3 Total

N ¼ 15 N ¼ 69
M ¼ 8 M ¼ 38
F ¼ 7 F ¼ 31
27w þ 5d 28w þ 4d

þ 3) (25 þ 1e31 þ 1) (24 þ 6e36 þ 0)
1135 g 1173 g
5/7/7 6/8/8
2/2/1 3/3/1
30w þ 1d 30w þ2d

þ 2) (25 þ 4e32 þ 5) (25 þ 2e36 þ 6)
No ¼ 5 No ¼ 17

4 Optiflow ¼ 0 Optiflow ¼ 9
nCPAP ¼ 6 nCPAP ¼ 26
nIPPV ¼ 3 nIPPV ¼ 13

¼ 2 sIPPV ¼ 1 sIPPV/S-IMV ¼ 4
N ¼ 2 N ¼ 15

1 Supine ¼ 6 Supine ¼ 27
Lateral ¼ 9 Lateral ¼ 45
Prone ¼ 1 Prone ¼ 15

6 Total ¼ 2519 Total ¼ 10,922
bservation ¼ 133 Mean per observation ¼ 168 Mean per observation ¼ 158

Non-invasive positive pressure ventilation; PMA: Postmenstrual age; SD: Standard
d intermittent positive pressure ventilation; W: Weeks.



Table 3
Overview of all interrater and intrarater agreements for the final BeSSPI.

Interrater agreement observation 1 (31 weeks PMA) k ¼ 0.80
Interrater agreement observation 2 (31 weeks PMA e retest) k ¼ 0.80

Observation 1 Observation 2

Interrater agreement REMs k ¼ 0.56 k ¼ 0.66
Interrater agreement HR k ¼ 0.41 k ¼ 0.72
Interrater agreement RF k ¼ 0.62 k ¼ 0.82
Interrater agreement activity level k ¼ 0.59 k ¼ 0.61

AB CS EG

Intra-rater agreement sleep stage k ¼ 0.93 k ¼ 0.88 k ¼ 0.79
Intra-rater agreement REMs k ¼ 0.69 k ¼ 0.59 k ¼ 0.64
Intra-rater agreement HR k ¼ 0.58 k ¼ 0.77 k ¼ 0.54
Intra-rater agreement RF k ¼ 0.80 k ¼ 1.00 k ¼ 0.65
Intra-rater agreement activity level k ¼ 0.63 k ¼ 0.63 k ¼ 0.84

Table 4
Overview of the length of the total observation and separate sleep stages. Missing data were excluded.

Min observation Min AS Min QS Min IS Min W

Total duration all observation (minutes) 10,922 4231 2868 2866 957
Mean duration per observation (minutes) 158.3 61.3 41.6 41.5 13.9
Min duration per observation (minutes) 48 3 0 8 0
Max duration observation (minutes) 180 123 98 79 82

Table 5
Overview of the number and length of interruptions occurring during observations.

Mean Median Range

Number of interruptions per observation 2.8 3 0e9
Length of all interruptions during one observation period 10.2 min 7 min 0e38 min
Length of one interruption 3.6 min 2.3 min 0e37 min
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The most important considerations when developing the BeSSPI
were the sleep stages and the items used to classify them. Between
1975 and 1995, preterm sleep researchers voiced different opinions
on the best way to categorize and classify sleep/wake cycling in pre-
term infants. For example, Prechtl [48] and Thoman [36] appear to
hold opposite views, with Prechtl advocating for a dichotomic
description of stages, using a limited number of straightforward
criteria. On the contrary, Thoman advocated for detailed descriptions
of state criteria, which are continuously measured. Furthermore,
Prechtl only uses a limited number of sleep stages, whereas Thoman
subdivided AS and QS inmultiple substages (see also Supplement E).

The BeSSPI combined aspects of both Prechtl and Thoman's
criteria. The combination between their respective scores is re-
flected in the continuously measured items, using 1-min epochs to
classify sleep stages (Prechtl). These epochs are subdivided into 15-
s intervals better to grasp the individual differences between in-
fants (Thoman). Stage criteria consist of descriptive items (Thoman)
with clear presence or absence differentiation (Prechtl). In addition,
a new parameter indicating the infants' activity levels was added to
increase the general continuity.

Furthermore, despite describing all possible behaviors (Tho-
man), the BeSSPI includedmeaningful clusters of items, resulting in
straightforward (Prechtl) but detailed criteria. Sleep stages were
divided into four interrelated categories. The newly added concept
of “smoothing” increased the context-bound nature of the BeSSPI.
Moreover, since the interrelated quality of sleep stages was
considered after classification, errors made during classification did
not influence subsequent epochs. Overall, the BeSSPI was both
detailed and concise, significantly reducing the risk for misinter-
pretation of items or stages. Therefore, high reliability was reached
between researchers.
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4.1. Validity and reliability

Interrater reliability was assessed during each PDCA cycle and
was assessed multiple times during the first cycle. Reliability
showed a decreasing trend (from high to moderate) after one
researcher, who had stopped making observations, was still
included in the Fleiss’ kappa calculation. Additionally, the time
between the observations and the last discussion about the items
resulted in a further decrease in interrater reliability. This finding
indicated that continued practice and ongoing discussions
regarding the difficulties experienced during observations are
essential to maintain the reliability of the BeSSPI at a substantial
level.

The interrater reliability for the second and third cycles was
calculated once and showed a moderate agreement between re-
searchers and a low agreement between the research groups in
other PDCA cycles. During the second and third cycle a high number
of new behaviors were added to the scale. This result suggested
that, as well as appropriate training, a clear definition of each item
and sleep stage is crucial to prevent misunderstandings. Further-
more, a higher number of different behaviors may be confusing and
decrease reliability, which possibly explains the decrease in inter-
rater agreement found during the second and third cycle. As a
result, items were clustered and clear rules were established to
prevent confusion in the future. This will improve clarity and
trainability and ensure that different research groups using the
BeSSPI classify the parameters similarly. In other words, clear rules
will improve reliability between research groups, even if they
cannot discuss the different items.

Regarding reliability measures, the dichotomic items were
assessed for interrater agreement. The interrater reliability for
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REMs, HR, RF, and activity levels ranged between k ¼ 0.41e0.82.
The item-kappa's increased between the first and second obser-
vation of the same video, possibly due to practice effects (eg
memory recall). However, observers waited one month between
testeretest assessments. Another explanation for the increase was
the research group's discussion regarding the epochs they did not
agree upon after the first observation. Classification of complex
items, such as HR and RF, was discussed extensively, potentially
explaining the vast increase in interrater reliability for HR and RF.

Finally, testeretest reliability could not be measured for stability
over time in the sleep stages of individual infants [36]. Preterm
infants develop at a high rate, resulting in changes in the distri-
bution and composition of their behavioral states. Therefore,
testeretest reliability was measured in the research by observing
the same video twice, resulting in relatively high intrarater reli-
ability (k ¼ 0.79e0.93). Intrarater agreements for items (REMs, HR,
RF, and activity level) ranged between k ¼ 0.54e1.00. Interestingly,
the intrarater reliability for separate items differed between raters.
For example, CS reached a kappa of k¼ 0.77 on HR, whereas EG and
AB reached k ¼ 0.54 and 0.58, respectively. This result indicated
that different observers showed varied dexterity regarding the in-
dividual criteria of the BeSSPI. However, the high interrater and
intrarater agreement for sleep stage classification indicate that the
instrument as a whole is reliable, regardless of the individual
dexterity on specific items.

Content, construct, face, and expert validity was determined
sufficient after careful assessment. An extensive study by Hayes
[49] into the frequency and relationship of items is consistent with
the method used in the BeSSPI. Hayes’ results indicated more
quiescence (>5s in a 1-min epoch) during QS. Moreover, Hayes
found more general motor activity during AS. Finally, the combi-
nation of AS characteristics, such as general motor activity, facial
movements, and eye movements, was the most commonly
occurring, independent of age. Although Hayes concluded that
stages are slightly more disorganized in younger infants (<30
weeks conceptional age; CA), he also concluded that “the coales-
cence of stage-related behaviors is still an emergent process at
(>30 weeks CA).”

4.2. Strengths and limitations

Compared to term infants, preterm sleep is generally thought to
consists of twice as much AS as QS [39]. With 4231 min of AS and
2868 min QS, the distribution of sleep stages we found showed
more QS than expected from the literature. However, the AS/QS
division found when using the BeSSPI is quite similar to values
reported by Thoman [50], Curzi-Dascalova [51] and Bourel-Ponchel
[52]. Furthermore, when considering age-related differences in
sleep stage distribution, our findings also showed similar results
(See Supplement F).

Finally, behavioral sleep stage classification is often criticized
as time-consuming due to the time it takes to train an expert and
the time taken to observe and classify sleep stages. With the
BeSSPI, we have tried to reduce the long training time signifi-
cantly. The long observation time can be diminished by devel-
oping an automatic sleep scoring algorithm based on existing
valid and reliable sleep stage classification methods. Preferably,
the algorithm would use non-intrusive methods to maintain the
advantages of observational sleep stage classification. For
example, classifications performed with the BeSSPI can be time-
linked to existing cardiorespiratory, EEG or video data. The
BeSSPI annotations will then serve as input target data for the
machine learning process which tries to predict sleep-wake states
from vital parameters. Later, BeSSPI annotations may also be used
for validation of the algorithm. In other words, when creating a
174
supervised machine learning model, the vital parameters can
serve as input and the BeSSPI annotations as output.
5. Conclusion

The BeSSPI is developed for the purpose of being simple to learn
and easy to use. The provided decision flowchart (Fig. 1), classifi-
cation form (Supplement B), and item list (Supplement C) will
support inexperienced users. In addition, the BeSSPI provides the
next step in observational preterm sleep stage classification, as it is
created using both existing knowledge on preterm sleep behavior
and our own observations. With this, an extensive overview was
created of all possible behaviors that may occur during preterm
sleep. Furthermore, by adding confidence scores, IS is not used as a
‘residual category’ (eg when an observer is unsure about their
classification). Finally, the new category of ‘activity level’ is added,
which increases general continuity of scoring andmakes it easier to
account for individual differences.

The BeSSPI has a high reliability and validity supporting its use
in extremely preterm infants. Furthermore, because the develop-
ment method is extensively described, it is possible to replicate the
process or to adapt the BeSSPI to different contexts. Finally, the
BeSSPI was developed with the involvement of multiple groups of
researchers and includes clear rules specifically designed to in-
crease reliability between research groups. With this, the BeSSPI
meets all previously set criteria for an ‘optimal’ behavioral sleep
stage classification method. Therefore, using this robust tool across
studies will increase the replicability and comparability of preterm
sleep research. In summary, the BeSSPI provides an ideal starting
point for the ongoing surge of renewed interest in investigating the
importance of sleep during preterm period.
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