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Abstract

date august 4th 2015.

Objective Severe sleep disruption is common among intensive care unit (ICU) patients. However, the applicabil-
ity of standard sleep scoring guidelines by the American Academy of Sleep Medicine (AASM) has been questioned,
with most polysomnography (PSG) studies in critically ill patients reporting difficulties in setting up and processing
and scoring the recordings. The present study explores human inter-rater agreement in sleep stage scoring follow-
ing the AASM guidelines, within a heterogenous ICU patient cohort.

Results Two human experts independently scored a total of 51,454 epochs in 20 PSG recordings acquired at the ICU.
Epoch-per-epoch comparison of scored stages revealed a Cohen’s k coefficient of agreement of 0.36 for standard
5-stage scoring. Highest agreement occurred in Wake (k=0.46), while REM showed the lowest (k=0.12). Significant
correlations were found between inter-rater agreement, and Simplified Acute Physiology Score (SAPS Il, r=—0.506,
p=0.038), and 12-month mortality (r=—0.524, p=0.031). Comparison with similar studies underscore challenges

in applying AASM criteria to ICU patients. Despite accounting for artifacts, disparities persisted, emphasizing the need
for a nuanced exploration of factors influencing scoring inconsistencies in critically ill patients.

Trial registration: Trial was registered as “Sleep and biorhythm in the ICU’, in the Centrale Commissie Mensgebonden
Onderzoek register, with number NL-OMON43659 (https://onderzoekmetmensen.nl/nl/trial/43659), on registration

Keywords Sleep, Polysomnography, Intensive care, Sleep scoring

Introduction

Sleep is a dynamic, complex physiological process essen-
tial for homeostasis, recovery, and survival [1, 2]. Dis-
rupted or delayed sleep is associated with impaired
immune function [3], increased susceptibility to infec-
tions and impaired wound healing [4, 5], impaired
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metabolic and endocrine function [6], increased pain
perception [7, 8] and impairment of neurophysiologic
organization and memory consolidation [9].

Sleep deprivation affects up to 60% of all critically ill
patients admitted to an intensive care unit (ICU) [10, 11].
Sleep among these patients is often fragmented by fre-
quent arousals and awakenings which hamper transitions
to deeper stages of sleep, reduced duration of sleep, and
disturbed distribution of sleep with up to half of the total
sleep time occurring during the day [4, 5, 11, 12]. Poor
sleep during critical illness is considered to be a major
stressor for patients during and after ICU admission. It
might be associated with the development of ICU delir-
ium and long-term cognitive decline, and has detrimental
effects on recovery, morbidity, and mortality [13-15].
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The ICU is a unique environment where a multitude
of intrinsic and environmental factors may hamper sleep
[16-22]. Although previous studies have provided new
insights into the etiology and possible prevention of dis-
turbed sleep in the ICU, their scope, statistical signifi-
cance and reliability have thus far been constrained by
the logistical challenges of measuring and assessing sleep
objectively [2, 4, 20, 22-28].

Electroencephalography (EEG) has historically been
the primary tool for objective sleep monitoring [29, 30].
Polysomnography (PSG), combining EEG electromyogra-
phy (EMG), and electrooculography (EOG) is the tech-
nique used to investigate sleep. The visual and manual
annotation or scoring of these recordings commonly
follows criteria originally set by Kales and Rechtschaf-
fen [31], with additional changes later culminating in the
American Academy of Sleep Medicine (AASM) Manual
for the Scoring of Sleep [32]. Hundreds or even thou-
sands of 30 s epochs each comprising multiple channels
of PSG data are typically processed by a single human
expert. Although this method is considered to be the
gold standard for routine clinical sleep analysis, most
PSG studies in critically ill patients report difficulties in
setting up, maintaining, and manually processing and
scoring ICU sleep recordings [4, 12, 33-36]. The prac-
tical expertise required to apply and maintain the array
of electrodes required for human scoring further limits
scalability and increases costs. Furthermore, the reli-
ability and repeatability of manual analysis of ICU sleep
recordings is lower than for other clinical recordings
[9]. While Elliott et al. reported observed ‘reasonable’ to
‘good’ agreement between two combinations of 3 human
scorers in discerning wake from sleep activity, the agree-
ment on detailed sleep staging was much lower depend-
ing on individual sleep stages and the combination of
human scorers [23].

The objective of this study is to investigate human
inter-rater agreement in sleep staging following the
AASM rules for sleep scoring, in a heterogeneous popu-
lation of ICU patients.

Methods

Study population and patient recruitment

We obtained 70 PSG recordings during an observa-
tional study (NL-OMON43659) primarily investigating
the influence of disrupted biorhythms on the quantity
and quality of sleep among non-sedated patients of the
department of Critical Care of the University Medical
Center Groningen (UMCG). After approval by the local
ethics committee (UMCG METc, registration number
2015/00295), data collection started in September 2015
and finished in September 2018. All adult patients with-
out a history of sleep pathology, an expected ICU stay
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of at least 48 h, and a Richmond Agitation and Sedation
Scale (RASS) above -3 were eligible for inclusion in the
study. Informed consent was gained from patients with
capacity to do so. For patient lacking capacity, informed
consent was first obtained from their legal representa-
tives, followed by consent after they recovered con-
sciousness. Neurosurgical patients, and patients taking
melatonin supplements were excluded from participa-
tion. We did not consider this supplement as part of
critical care. However, we did classify many potentially
sleep-altering medications as such, and therefore chose
not to exclude them.

Data acquisition

PSG was recorded for a period of 24-72 h depending on
patient’s tolerance, RASS scores, and ICU length of stay.
The recording consisted of six EEG channels (F3, A1, A2,
C3, C4, O1), two EOG channels and EMG of the left and
right masseter or submental muscles. Ag/AgCl EEG-
electrodes were placed according to the international
10-20 system after skin preparation according to stand-
ardized techniques. A BrainAmp DC32 amplifier with a
BrainVision recorder (Brain Vision Solutions, Montreal,
Canada) or an Alice 6 LDx system (Philips Respironics,
Murrysville, USA) was used. EEG was recorded with a
sample frequency of 256 Hz. Due to technical failure we
switched devices. We observed no difference in quality of
the respective recordings. Anonymized data were stored
for sleep scoring by two experienced human experts.

Sleep analysis

All recorded data were blindly assessed for data quality
by a human expert and sets of sufficient quality were then
analysed by a human expert scorer (M,). We randomly
selected 20 patients for further analysis by an additional
human expert scorer (M,). Human expert scorers were
free to select either the C4-A1l or C3-A2 EEG channel for
scoring depending on signal quality.

The scoring of discrete wake and sleep stages (rapid
eye-movement sleep, REM; non-REM sleep stages, N1,
N2, N3) according to the latest AASM scoring guide-
lines by the scorers was done by visual interpretation of
individual 30 s epochs in the Brain RT software (OSG,
Rumst, Belgium).

Statistical analysis

Demographics of the group with valid recording, and
the subgroup randomly selected for additional analy-
sis are shown in Table 1. Significance in differences in
demographics between groups was established after
evaluating all 15 repeated comparisons with a Ben-
jamini—Hochberg procedure [38], using a maximum
acceptable false discovery rate of 10%: the comparison
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Table 1 Demographics of the group with valid recordings, and the subgroup randomly selected for additional analysis by M,

Characteristic Valid recordings (n=61) Analysed by M, (n=17) p-value*
N (%) N (%)
Sex 23(37.7) 8 (47.06) 0.357
ICU admission diagnosis
Surgical 19(31.15) 5(2941) 0.859
Medical 42 (68.85) 12 (70.59) 0.859
12 month mortality 19 (31.15) 4(23.53) 0433
Median (IQR) Median (IQR)
BMI 26 (23-29) 28 (24-32) 0.256
Age, years 60 (52-67) 63 (52-67) 0.388
Duration of hospital stay, days 31 (19-55.49) 21.99 (15.99-43) 0.573
Duration of ICU stay, days 10.99 (5.51-25.50) 7.01(4.01-18.98) 0014
Duration of recording, hours 4774 (17.22) 46.66 (43-65.89) 0.248
APACHE IV 69 (47-82) 74 (61.25-81.25) 0.098
SAPS I 40 (31-49) 42 (36-44) 0.214
Mechanical ventilation, days 7(1-16) 5(1-14) 0.282
Mean (SD)
Medication dose per day
Benzodiazepines, mg Lorazepam equivalent 1.55(4.82) 2.95 (8.77) 0.371
Opioids, mg Morphine equivalent 1.80 (3.63) 0.95 (1.92) 0.242
Propofol 2%, ml 1.81(7.27) 2.96 (10.59) 0.459

" p-values for the comparison between the subgroup analysis by M, versus those not analysed by M,

None of the differences between the groups were statistically significant after a Benjamini-Hochberg procedure for 15 comparisons, with an acceptable false

discovery rate of 10%

i with the largest P value still below the critical P(i)
was considered significant, as were all comparisons
with lower P

Sleep-related parameters were calculated using Mat-
lab (Matlab 2014b, Natick, MA, USA). Statistics were
calculated using SPSS 24 (2016, IBM, Armonk, NY,
USA). Cohen’s Kappa statistic was used to evaluate
epoch-per-epoch agreement between human expert
scorers for all sleep stages individually and for full
5-stage sleep scoring. Cohen’s Kappa is a dimension-
less index that corrects for chance agreement due to
imbalanced datasets, such as the imbalanced distri-
bution of sleep and wake stages. Scoring agreement
statistics for wake and individual sleep classes were
calculated using a binary one-versus-rest strategy. For
normative interpretation of inter-rater agreement we
used the guidelines by Landis and Koch [39]. Spear-
man’s correlation coefficient was used to quantify the
correlation between inter-rater agreements, predicted
mortality, and mortality. For estimation of statistical
significance, an alpha of 0.05 was used. Unless indi-
cated otherwise, results are presented as mean values
(standard deviation).

Results

Seventy patients were included in the main study. PSG
data from 4 (5.71%) were lost due to undetected tech-
nical failure of EEG equipment during measurement.
A further 5 (7.14%) recordings were deemed entirely
unscorable by the human expert scorers. Of which three
cases of low-quality recordings with substantial move-
ment, sweating, and electrode dislocation artifacts that
could not be filtered out, one case of continuous biphasic
activity despite low sedation and high RASS, one case of
intrusion of a large electrical artifact. Of the remaining
61 patient recordings a median of 0.22% of epochs (0.01-
0.56% interquartile range, IQR) were entirely excluded
due to artifacts, leaving 339,901 30-s epochs (2832.51 h)
for further analysis by scorer M,. In total 20 recordings
were randomly selected for classification by a second
scorer (M,), 3 (15%) were rejected entirely due to low sig-
nal quality. Of the remaining 17 patient recordings 0.26%
of epochs (0.09-0.86% IQR) were entirely excluded due
to artifacts, leaving 51,454 epochs (428.78 h) for analy-
sis of inter-rater agreement between two human scor-
ers. Patient characteristics, medication and sedation
use for all valid recordings and for the subgroup scored
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by M, are summarized in Table 1. Recordings randomly
selected for additional classification by M, were from
patients with a no significant difference after Benjamini—
Hochberg procedure.

Table 2 indicates the prevalence of each sleep stage
(according to M, scorings), and agreement between the
two human scorers for the 5-class scoring task, as well
as for each class versus the rest. Mean k agreement for
5-classes was 0.36, with the best agreement obtained
for Wake, with a k of 0.46, and worst for REM, with a «
of 0.12. REM was also the least prevalent class, with an
average number of 0.00 h per 24-h period.

Per-subject k agreement between M, and M, correlated
significantly with the Simplified Acute Physiology Score
(SAPS II) predictor of mortality (r=— 0.506, p=0.038),
and with recorded 12-month mortality (r=-— 0.524,
p=0.031).

Figure 1 illustrates the confusion matrix for the pooled
classification of all epochs in the recordings scored by
both human experts scorers. Even for the class with
the best k agreement, i.e., Wake, inconsistent scoring
was found between the two scorers: M, scored a large
proportion of M;-Wake epochs as N2 and to a certain
degree, even N3, whereas M, scored a larger proportion
of M,-Wake as N1.

Discussion

Human inter-rater agreement in our sample was com-
parable to that between human scorers in other studies
of ICU sleep. Elliott et al. [23] reported a Cohen’s kappa
of k=0.58-0.68, which they deemed to be ‘reasonable’
to ‘good’ agreement [39], for sleep—wake scoring by two
combinations of 3 manual/human scorers. Agreement
for the results of detailed sleep staging was much lower,
with only slight agreement for stage N1 (k=0.08-0.12),
moderate agreement for N2 and REM (k=0.55-0.58 and
K=0.41-0.44, respectively), and slight to good agreement
for slow wave sleep (kK=0.20-0.76), depending on the
combinations of manual scorers. Similarly, disagreement
in our sample was highest for REM and N1, likely due to

Table 2 Agreement between human scorers (M; vs. M,)
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a general deficit of this stage of sleep in ICU populations.
Additional disagreement was found between individual
sleep stages and the wake stage, which could be the result
of the relatively high amount of EEG and EMG artifacts
in this intensive care population being interpreted as
proof of wakefulness. The remainder of substantial disa-
greement exists between the already notoriously difficult
to separate N2 and N3 stages.

Ambrogio et al. compared the agreement between
two manual scorers for PSG recordings of 14 mechani-
cally ventilated ICU patients and 17 ambulatory control
patients [37]. Inter-rater reliability was good (k=0.74)
for recordings of ambulatory patients, but there was only
slight agreement on the scoring of recordings of ICU
patients (k=0.19). Although in our study we observed a
slightly higher interrater agreement (k=0.36), we invite
caution when comparing this with interrater agreement
studies on non-ICU populations. It is tempting to debate
the adequacy of the AASM criteria for scoring ICU
recorded PSG-data, particularly among the critically ill
patients. However, we found that only part of the source
of confusion could be attributed to the high amount of
EEG and EMG artifacts and this did not fully explain the
disparity in scoring between otherwise relatively unam-
biguous stages, such as Wake and N3, or REM and N2.
For these patients, rather than deeming the scoring rules
as inadequate, a better understanding of the factors driv-
ing this disparity could help shed light on the sleep of this
population. We hypothesize that interrater (dis)agree-
ment might be indicative of more fundamental underly-
ing EEG-related phenomena, and advocate for a more
fundamental approach to EEG-analysis to help inform
the development of potential new scoring systems or cri-
teria and to advance research in this area.

Limitations

PSG is notoriously labour-intensive during set-up, main-
tenance, and analysis, which limited the sample size of
this study a priori. Despite our best efforts, the amount
of usable data was further limited by artifacts from

Class Wake REM N1 N2 N3 5 classes
Prevalence based on M;, 13.98 (8.45) 0.00 (0.01) 1.22(1.34) 6.15 (5.16) 2.66 (4.09) 24

hours per day (SD)

Kappa,—(SD) 046 (0.27) 0.12(0.24) 0.13(0.13) 0.32(0.21) 0.26 (0.24) 0.36 (0.21)
Accuracy, % (SD) 80.62 (14.57) 97.89 (5.26) 90.33 (8.24) 80.65 (13.24) 91.54 (9.22) 7051 (17.5)
Sensitivity, % (SD) 81.3(21.99) 11.72 (24.78) 15.92 (14.76) 53.02 (24.92) 36.04 (30.97) -
Specificity, % (SD) 64.86 (26.93) 99.87 (0.33) 96.35 (3.92) 84.89 (13.73) 95.01 (8.96) -

PPV, % (SD) 79.55(19.38) 55.56 (39.59) 24.1(17.91) 4474 (22.67) 48.63 (36.49) -

Performance statistics for individual classes were calculated using a binary one-vs-rest strategy
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Wake

REM
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N1 N2 N3

31.53%
(9165)

4.25%
(1236)

(6)

67.3%
(1924)

73.17%
(10287)

Fig. 1 Confusion matrix for scoring by human scorer M1 versus human scorer M2. Percentages are calculated from class-totals as scored by M1

frequent and intensive care, electromagnetic pollution,
motor restlessness, excessive sweating and other tech-
nical challenges. Study inclusion and exclusion criteria
were chosen to minimize the likelihood of unproductive
measurements but may have decreased the already lim-
ited generalizability of results from inherently heteroge-
neous ICU patients.

Study inclusion did not always start immediately after
ICU admission and varied in duration due to the unpre-
dictable progression of critical illness. This caused an
imbalance in the contribution of individual recordings to
aggregated means, which is why all statistics were calcu-
lated from per-subject means.

ICU patients could not be relied upon for subjective
sleep evaluation, and the neurocognitive state of subjects
was not assessed.

The limited practical scalability of polysomnography
and human expert sleep scoring has not only restricted

the sample size of our comparison but has also limited
our ability to do proper consensus scoring or full-sample
multi-rater human expert scoring for this investigation.
Future efforts to provide more comprehensive investi-
gation of interrater agreements are still encouraged and
could benefit from aggregating recordings from previous
studies and the adherence to standardized scoring.

Abbreviations

AASM American Academy of Sleep Medicine
EEG Electroencephalography

EMG Electromyography

EOG Electrooculography

ICU Intensive care unit

IQR Interquartile range

PSG Polysomnography

RASS Richmond Agitation and Sedation Scale
REM Rapid eye-movement (sleep)
NT,N2,N3  Non-REM sleep stages 1,2, 3

SAPS I Simplified acute physiology score
UMCG University Medical Center Groningen
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