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a b s t r a c t

The visual scoring of gold standard polysomnography (PSG) is known to present inter- and intra-scorer
variability. Previously, Somno-Art Software, a cardiac based sleep scoring algorithm, has been validated
in comparison to 2 expert visual PSG scorers. The goal of this research is to evaluate the performances of
the algorithm against a pool of scorers.

Sixty PSG and actimetry recording nights, representative of clinical practice (healthy subjects and
patients suffering from obstructive sleep apnea [OSA], insomnia or major depressive disorder), were
scored by 5 different sleep scoring centers and by the Somno-Art Software. Intra-class correlation co-
efficient (ICC) and Wilcoxon Signed-Rank Test were calculated between each scorer and the average
value of the 6 scorers, including Somno-Art Software. In addition, epoch-by-epoch agreement between
scorers were analyzed.

Somno-Art Software estimation of sleep efficiency, wake, N1þN2, N3 and REM sleep fit within the
interscorer range for the full dataset and the subgroups, except for underestimating N3 sleep in OSA
patients. Additionally, Somno-Art Software overestimated sleep latency compared to the average scoring
for insomniacs (þ4.7 ± 1.6min). On the full dataset, Somno-Art Software had good (0.75 < ICC<0.90) or
excellent (ICC>0.90) ICC scores for all sleep parameters except N3 sleep (moderate score,
0.50 < ICC<0.75). For the 4-stages epoch-by-epoch agreement, Somno-Art Software was slightly below
that of the visual scorers except for the healthy sub-group where an overlap was demonstrated.

Somno-Art Software sleep scoring shows a good interscorer reliability in the range of the 5 visual
polysomnography scorers.
© 2022 The Authors. 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

Polysomnography (PSG) visual scoring is the gold standard for
measuring and characterizing sleep continuity and architecture.
However, this task is known to suffer from inter- and intra-expert
variability [1,2]. Although the scoring rules are revised and speci-
fied on a regular basis, they are still not specific enough to prevent
variability in scoring, the mean agreement between 2 visual scorers
being around 83% [3,4]. In parallel, automatic scoring algorithm do

not suffer from intra-scorer variability as the scoring is highly
reproducible. These new generation of scoring algorithms have
drastically improved in the last years and gained interest as a
possible option, even alternative to analyze sleep in specific set-
tings [5]. Somno-Art Software is 1 of these algorithms, analyzing
sleep from cardiac (electrocardiogram [ECG]) and body movement
signal (actimetry), physiological signals that have been shown to
vary with sleep states [6]. Somno-Art Software performances have
been evaluated in healthy subjects and patients suffering from
obstructive sleep apnea (OSA), insomnia (ISM) and major depres-
sive disorder (MDD) with promising performances in sleep stages
characterization against PSG [7,8]. However, Somno-Art Software
was compared to a maximum of 2 visual PSG scorers and as
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previously mentioned, the interscorer reliability between visual
scorers may impact the observed performances.

The goal of this publication is to evaluate the performances of
Somno-Art Software in scoring sleep against a panel of visual
scorers. To do so, 60 PSG recordings representative of clinical
practice (healthy subjects and patients suffering from OSA, ISM or
MDD) have been scored by 5 different international sleep scoring
centers and by Somno-Art Software.

2. Methods

2.1. Study sample

To obtain a dataset representative of clinical practice, PSG re-
cordings from 5 studies were randomly selected to be used as the
dataset. All study protocols have been approved by institutional
review boards in accordance with the Declaration of Helsinki and
the guidelines on Good Clinical Practice. Written consent was ob-
tained from all participants according to local requirements.

In total, 60 PSG recordings from 15 healthy, 15 OSA, 15 ISM and
15 MDD were included in the analysis.

2.2. Study design

2.2.1. Polysomnography
Multiple PSG recording systemswere used in the various studies

(Compumedics ProFusion PSG 3; Compumedics Siesta 802a
[Compumedics, Abbotsford, Australia]) but all used the American
Academy of Sleep Medicine (AASM) recommended electroen-
cephalogram derivations (C4-M1, F4-M1, O2-M1), 2 electrooculo-
gram electrodes, 2 chin electromyogram and 2 ECG electrodes. Five
expert visual scorers (VS1-VS5) from 5 international sleep scoring
centers (St Luke’s Hospital, Chesterfield, USA; Concordia University,
Montr�eal, Canada; The Siesta Group, Vienna, Austria; CIRCS
research center, Strasbourg, France; PPRS, Colmar, France) scored
the full dataset. All the scorers received identical information on
the scoring nights, consisting only in the group characteristic
(healthy, OSA, ISM, MDD). The expert scorer from the Siesta group
was assisted by the Somnolyzer software [9]. Sleep scoring was
performed according to the AASM rules [4]. The resulting reference
classes were obtained by combining N1 and N2 into a single
“N1þN2” class while the remaining classes (wake (W), N3, and
REM) were used unchanged.

2.3. Somno-Art Software

The Somno-Art Software v.2.7.0 [3.2.0] analysis was performed
on precisely synchronized actimetry and ECG signals. Using heart
rate at a beat-to-beat resolution and actimetry data at a 1 Hz res-
olution, sleep stage classification (W, N1þN2, N3, REM) was per-
formed at a 1-s epoch resolution. The latter 1-s epoch classification
was merged into 30-s epochs in order to be compared to visual
scoring. To do so, the dominant stage (or the first occurring stage, if
they were equally represented) was selected. The sleep classifica-
tion algorithm is based on expert rules associated to Support Vector
Machine (SVM) detectors. Precise data processing methodology is
described in Ref. [7].

2.4. Statistical analysis

Agreements between scorers on sleep parameters (sleep effi-
ciency (SE), sleep latency (SL), W, N1þN2, N3 and REM sleep
duration) were assessed with intra-class correlation coefficient
absolute agreement, average measures, 2-way random model
(ICCAAAvg): The degree of absolute agreement for measurements

that are averages based on k independent measurements on
randomly selected objects [10]. Similarly to another multi-scorer
study, the average sleep parameters of the 6 scorers, the 5 visual
scorers and Somno-Art Software (Av6), were considered to repre-
sent the true values of the parameters for each recording [11]. ICC
and difference of the means were calculated between each scorer
and Av6. Koo et al. provides commonly cited cut-offs for qualitative
ratings of agreement based on ICC values< 0.50: “poor” agreement;
0.50e0.75: “moderate” agreement; 0.75e0.90: “good” agreement;
>0.90: “excellent” agreement [12]. Comparison of the means was
achieved with non-parametric paired Wilcoxon Signed-Rank Test
between each scorer and Av6. Significance was set at p < 0.05.

In addition, overall epoch-by-epoch accuracy (percentage of
epochs labeled with the same sleep stage W, N1þN2, N3 or REM)
was assessed for each scoring pair on the full data set and the
subgroups (Healthy, OSA, ISM, MDD). As an illustration, 2 hypno-
grams have been selected for each subgroup (Healthy, OSA, ISM,
MDD), in taking the recording nights with the most scoring pairs
having the best and worst percentage agreement.

3. Results

Fig. 1 illustrates the difference of the means of each scorer (VS1-
VS5 and Somno-Art) compared to Av6 for the main sleep
parameters.

On the full dataset, Somno-Art Software showed a mean SE
comparable to Av6 (difference of the mean: 0.1 ± 0.9%, NS) and
comprised within the interscorer range (visual scorer
range:�3 ± 0.6 to 1.7 ± 0.4%). Similar results were observed for the
4 sub-groups (healthy, OSA, ISM and MDD). In addition, ICC scores
of SE on the full dataset was judged as excellent agreement for each
scorer compared to Av6 (Table 1).

With a difference of the means of 1.7 ± 2.2 min on the full
dataset, Somno-Art Software was comparable to the visual scorer
range in the estimation of SL (visual scorer range: �2.2 ± 1.2 to
1.4 ± 0.6 min). Somno-Art Software estimation of SL was not
significantly different from Av6 except for the ISM group with a
difference of the means of 4.7 ± 1.6 min (visual scorer
range:�3.7 ± 3.5 to 0.6 ± 0.8 min). Additionally, all scorers showed
excellent ICC scores compared to Av6 on the full dataset.

For the full dataset, W results for the visual scorers showed a
difference of means ranging from �8.2 ± 1.8 min to 14.1 ± 2.7 min
compared to Av6. Somno-Art Software results overlapped with the
range with a not significantly different mean (�0.6 ± 4.6 min).
Somno-Art Software also overlapped with the interscorer range in
the sub-groups analysis. For the full dataset, all visual scorers and
Somno-Art Software showed excellent ICC scores compared to Av6.

For all analyzed groups, Somno-Art Software results were
consistent with the visual scorer range in the estimation of N1þN2
sleep. For the full dataset where the visual scorer range of N1þN2
sleep was of �17.8 ± 4.8 to 36.0 ± 3.0 min, Somno-Art Software
results showed an underestimate of 6.3 ± 4.7 min. The Wilcoxon
test results were not significantly different between Somno-Art
Software and Av6. ICC between each scorer and Av6 was judged
as excellent or good for all scorers on the full dataset.

Differences in N3 sleep visual scoring for the full dataset ranged
between �29.9 ± 1.9 to 19.6 ± 3.1 min. For this parameter, the
Somno-Art Software mean was 1.6 ± 3.9 min and was within the
interscorer range and was not significantly different from Av6.
Similar results were observed for healthy, ISM and MDD sub-
groups. In the case of OSA patients, Somno-Art Software had the
highest, but not significantly different mean score (12.8 ± 1.5 min;
visual scorer range:�23.1 ± 3.5 min to 9.9 ± 6.2 min). The ICC score
showed a moderate agreement between Somno-Art Software and
Av6 on the full dataset, while the other scorers had good or
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excellent agreement.
Somno-Art Software results overlapped with the visual scorer

range for REM sleep on the full dataset and on the subgroups (full
dataset Somno-Art Software difference of themeans: 5.2 ± 2.6min;
visual scorer range: �20.2 ± 2.7 to 9.6 ± 1.7 min). The ICC agree-
ment was judged as good between Somno-Art Software and Av6,
while visual interscorers agreements were generally excellent
except for VS4 that was moderate.

Table 2 represents epoch-by-epoch percentage agreement for
each scoring pair. For the full dataset, the lowest and highest
agreement between visual scorers were between 78.5% and 88.7%,
respectively. Somno-Art Software had an interscorer range

between 69.9% and 71.2%. Similar ranges were observed for OSA,
ISM and MDD subgroups. In the healthy sub-group, agreement
ranged between 68.9% and 86.9% for visual scorers and between
62.0 and 71.4% for Somno-Art Software.

4. Discussion

Inter- and intra-scorer variability between visual PSG scorers is a
known bias in sleep analysis [1,2]. However, it remains the standard
method for scoring sleep recordings. Automatic sleep scoring al-
gorithms have the advantage of not having intra-scorer variability
as they are totally reproducible. Most automatic algorithms are

Fig. 1. Difference of the means (±SE) between each scorer (1e5: visual scorers 1e5; SA: Somno-Art Software) and the average of the 6 scorers for the full dataset and each sub-
group (healthy, obstructive sleep apnea (OSA), insomnia (ISM), major depressive disorder (MDD)). Empty circles represent significant Wilcoxon Signed-Rank Test (p < 0.05); filled
circles non-significant differences.

Table 1
Intra-class correlation coefficient of each scorer against the average of the 6 scorers (VS1-VS5: visual scorers 1e5; SA: Somno-Art Software) on the full dataset.

Scorer Sleep efficiency (%) Sleep latency (min) Wake (min) N1þN2 sleep (min) N3 sleep (min) REM sleep (min)

VS1 0.97 0.99 0.97 0.86 0.84 0.90
VS2 0.99 0.99 0.99 0.98 0.96 0.98
VS3 0.98 0.98 0.98 0.97 0.95 0.93
VS4 0.95 0.96 0.95 0.87 0.82 0.69
VS5 0.98 0.97 0.98 0.94 0.88 0.98
SA 0.90 0.90 0.90 0.86 0.70 0.80
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validated against a single visual scorer, which may present a bias
taking the interscorer variability into consideration. This paper
aims at evaluating the Somno-Art Software, based on cardiac and
body activity, against a pool of expert visual scorers. Somno-Art
Software estimation of SE, W, N1þN2, N3 and REM sleep
belonged to the interscorer range for the full dataset and the
investigated subgroups (healthy, OSA, ISM and MDD). One excep-
tion concerned the OSA subgroup with a non-significant over-
estimation of N3 sleep of 12.8 ± 10.5 min, while the interscorer
range was between �23.1 ± 3.5 to 9.9 ± 6.2 min. However, some
visual scorers underestimated this sleep stage even more than
Somno-Art Software overestimated it. Interestingly, full dataset N3
sleep showed an important interscorer variability (�29.9 ± 1.9 to
19.6 ± 3.1 min). Sleep stage N3 is known to present a high inter-
rater variability between visual scorers. This is generally due to
the complexity in characterizing slow waves (SW) duration and
amplitude. In contrast, Somno-Art Software overestimated N3
sleep by less than 2 min on the full dataset (1.6 ± 3.9 min). Being an
automatic algorithm, Somno-Art Software is consistent in its defi-
nition of SW and may therefore yield a more accurate and repro-
ducible results.

Somno-Art Software tended to overestimate SL in healthy and
MDD sub-groups and significantly overestimate SL in ISM
(4.7 ± 1.6 min; interscorer range: �3.7 ± 3.5 to 0.6 ± 0.8 min).
However, an overestimation of less than 5 min on a mean SL of
44 min is not considered as clinically relevant. To note, long periods
of wake-after-sleep-onset, which are present in ISM, are well
detected with Somno-Art Software, as illustrated on Fig. 2 (best
agreement of the ISM sub-group).

On the full dataset, Somno-Art Software had good or excellent
ICC scores for all sleep parameters analyzed except for N3 sleep
(moderate score). However, ICC scores of SE, N3 and REM sleep

were above the 1 reported in the literature for the validation of an
automatic PSG scoring algorithm [13].

4-stages epoch-by-epoch agreement ranged between 78.5 and
88.7% within visual scorers and 69.9 and 71.2% for Somno-Art
Software. On the healthy sub-group, visual scorers agreed be-
tween 68.9 and 86.9%, while Somno-Art Software overlapped this
range with an interscorer range of 62.0e71.4%. Fig. 2 illustrates
Somno-Art Software’s tendency to fragment less sleep than the
visual scorers, a characteristic which could explain the lower
epoch-by-epoch agreement observed for Somno-Art Software. On
the other hand, reduced fragmentation increases intra-scorer reli-
ability which is of interest for longitudinal studies.

It is to note that Fig. 2 displays some misclassifications between
N3 and REM sleep with Somno-Art Software (Fig. 2, worst agree-
ment of ISM and MDD patients). However, as reported in previous
validation studies of Somno-Art Software, this kind of misclassifi-
cation is rare: REM sleep to N3 sleep misclassification was lower
than 1.5%, while N3 sleep to REM sleep was lower than 2% on a
dataset of 458 recording nights with healthy and pathological sleep
profiles [7,8].

This paper shows good inter-scorer reliability of Somno-Art
Software compared to PSG visual scorers despite the use of
different raw signals (cardiac and wrist activity vs PSG leads). Un-
like visual scoring, Somno-Art Software has the advantage to have
perfect intra-scorer reliability and can therefore be of interest in
studies with repetitive measures, where a drift in the scoring can
become critical (i.e. pharmacology, research, treatment follow-up)
[14]. Moreover, the analysis of sleep through Somno-Art Software
takes less than 1 min while a visual scorer needs several hours
depending on the complexity of the night.

In conclusion, Somno-Art Software performance demonstrated
reliable scoring over various scoring centers and is in the PSG inter-

Table 2
Overall percentage agreement (W/N1þN2/N3/REM) between each pair of scorer (VS1-VS5: visual scorers 1e5; SA: Somno-Art Software).
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Fig. 2. Hypnograms obtained from the 6 different scorers. For each subgroup the best (left column) and the worst (right column) agreement between Somno-Art Software and the
majority of visual scorers are represented.
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scorer range of agreement for most of the sleep parameters
investigated.
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