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Abstract

Automatic algorithms are a proposed alternative to manual assessment of polysomnography data for analyzing sleep structure;
however, none are acceptably accurate for clinical use. We investigated the feasibility of an automated sleep stage scoring
system called Sleep Scope, which is intended for use with portable 1-channel electroencephalograph, and compared it with
the traditional polysomnography scoring method. Twenty-six outpatients and fourteen healthy volunteers underwent Sleep
Scope and polysomnography assessments simultaneously. Polysomnography records were manually scored by three sleep
experts. Sleep Scope records were scored using a dedicated auto-staging algorithm. Sleep parameters, including total sleep
time, sleep latency, wake after sleep onset, and sleep efficiency, were calculated. The epoch-by-epoch pairwise concordance
based on the classification of sleep into five stages (i.e., wake, rapid eye movement, N1, N2, and N3) was also evaluated after
validating homogeneity and bias between Sleep Scope and polysomnography. Compared with polysomnography, Sleep Scope
seemed to overestimate sleep latency by approximately 3 min, but there was no consistent tendency in bias in other sleep
parameters. The K values ranged from 0.66 to 0.75 for experts’ inter-rater polysomnography scores and from 0.62 to 0.67
for Sleep Scope versus polysomnography scores, which indicated sufficient agreement in the determination of sleep stages
based on the Landis and Koch criteria. We observed sufficient concordance between Sleep Scope and polysomnography
despite lower concordance in sleep disorder patients. Thus, this auto-staging system might serve as a novel clinical tool for
reducing the time and expenses required of medical staff and patients.

Keywords Sleep structure - Neurophysiology - Medical economy - Clinical measurement - Measurement equipment -
Diagnostic marker

Introduction

An electroencephalograph (EEG) evaluates brain neuro-
physiology and is useful for diagnosing some types of epi-
lepsy and consciousness disturbances [1, 2]. It is also used to
assess sleep physiology and structure. Sleep stage is a core
index in evaluating sleep structure, and determining sleep
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stage is important in clinical measurement and basic sleep
research [3]. Trained experts visually determine sleep stages
based on the electrophysiological profile measured during
polysomnography (PSG). PSG typically records multimodal
physiological information from biometric sensors, which
include six-channel (Ch) EEG (i.e., the bilateral frontal,
central, and occipital positions), electrooculography, elec-
tromyography, electrocardiography, and respiratory event
monitoring sensors. PSG is useful for the differential diag-
nosis and assessment of severity in various sleep disorders
[3], although its precise measurement environment is con-
fined only to hospitals or sleep laboratories under experts’
supervision. Thus, it is difficult to eliminate the influences
of an unfamiliar sleeping environment on sleep physiology
(e.g., the first-night effect) in addition to the temporal and
economic constraints of hospitalization [4].
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To address these issues, activity-based sleep monitor-
ing devices that gather sleep information based on physical
activity measurements have been used to promote clinical
research in sleep science [5-9]. However, this modality is
less accurate in estimating sleep structure than PSG and in
individuals with sleep disorders than those without [7-9].
Thus, it is unsuitable for elucidating the pathophysiology
of sleep disorders and is only appropriate for screening
these disorders. Recent studies have examined the utility of
portable EEGs for confirming sleep structure [10—-12] and
overcoming the drawbacks of activity-based sleep monitor-
ing devices while maintaining portability. Although some
studies have attempted to apply an automatic sleep staging
algorithm to portable EEG data, few have compared the
results with those of conventional methods, and most stud-
ies targeted primarily young healthy participants [13, 14].

Sleep Scope (SS) by SleepWell Co., Ltd. Osaka, Japan
[15] is portable and capable of sampling a sleep-recording
EEG. It is a 1-Ch EEG device with a dedicated automatic
sleep stage analysis program. The accuracy of the automatic
analysis system of SS in healthy adults has been compared
with that of traditional PSG scoring by a single PSG expert
[16], and the agreement rate of sleep stage determination
between SS and PSG has been reported; however, SS-
measured EEG data were analyzed using a previous version
of the dedicated automatic sleep staging program (version
1.0-r3). Furthermore, since only young healthy partici-
pants were examined, the different features of sleep archi-
tecture between patients and healthy participants were not
considered.

We aimed to estimate the agreement rate for determi-
nation of sleep stage between an updated SS version (ver-
sion 2.0) of the automated sleep stage analysis system and
traditional PSG-based scoring by PSG experts in patients
with sleep disorders and healthy volunteers. Moreover, we
examined the agreement rate for sleep stage determination
of the SS system using manual PSG scorings of sleep stage
by several experts, considering inter-rater variability.

Materials and methods
Participants

We recruited 26 adult outpatients aged < 80 years who had
undergone PSG at the Sleep Disorders Center of the Shiga
University of Medical Science Hospital (Otsu, Japan) and 15
healthy adult volunteers without any sleep or neuropsychi-
atric problems based on a clinical interview and a self-com-
pleted questionnaire score of <3 on the Athens Insomnia
Scale [17] between February 2018 and March 2018. Partici-
pants with neuropsychiatric disorders such as dementia or
epilepsy and those who engaged in any type of night-shift
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work (0:00-5:00) were excluded. Participants with sleep
latency (SL) > 180 min were also excluded to eliminate the
effects of inadequate sleep hygiene or possible technical
errors of SS and PSG measurements. The flow diagram of
the study participants is shown in Fig. 1.

For all participants, full-night sleep EEG was simultane-
ously measured using the SS and traditional PSG once dur-
ing overnight hospitalization. The conclusive diagnosis of
sleep disorders in 26 adult outpatients were made by sleep
medicine specialists certified by the Japanese Society of
Sleep Research (JSSR) based on a clinical interview and
PSG results, followed by multiple SL tests when required,
according to the criteria of the International Classification
of Sleep Disorders, Third Edition [18].

All study procedures were approved by the Ethics Com-
mittee of Shiga University of Medical Science (Approval
No. 29-266). The study was conducted in accordance with
the Helsinki Declaration, and written informed consent was
obtained from all participants.

Polysomnography

PSG recordings were obtained using the Alice-5 system
(Respironics Inc., Murrysville, PA, USA) with the follow-
ing set of measurements: six-electrode scalp-encephalogra-
phy based on the international 10-20 system (i.e., central
[C]3—auricular [A]2, C4-Al, occipital [O]1-A2, O2-Al,
frontal [F]3—A2, and F4-A1); two-electrode electrooculog-
raphy (placed near the outer canthus of the eyes), electrocar-
diography, and electromyography for the chin and bilateral
anterior tibialis; and sensors to detect oral/nasal airflow and
chest/abdominal movements [19]. Oxygen saturation was
monitored using pulse oximetry (SpO,). The EEG sam-
pling rate and filter settings were 200 Hz and 0.3-35 Hz,

41 Participants assessed for eligibility
26 Patients
15 Healthy volunteers

\

41 Completed full-night sleep electroencephalograph
26 Patients
15 Healthy volunteers

1 Dropout
0 Patients
1 Healthy volunteers

40 Participants included in the analysis
26 Patients
14 Healthy volunteers

(See Table 1 for participant characteristics)

Fig. 1 Flowchart of the study participants
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respectively. Other specifications met the EEG standard of
the Japanese Industrial Standard (JIS; T1203) [20]. PSG data
were recorded online using Alice Sleepware (version 2.8,
Respironics Inc., Murrysville, PA, USA). Based on the EEG
data, sleep was classified into five stages (wake (WK); rapid
eye movement (REM); and stage N1 (N1), N2, and N3) and
visually scored for each 30-s epoch by PSG experts once
per epoch of data according to the American Academy of
Sleep Medicine (AASM) scoring manual, version 2.5 [19].
The experts scored any epoch as “undeterminable” when
more than one-half of an EEG epoch contained artifacts due
to unspecified physiological or electrical sources, such as
nocturnal behaviors with arousals. Sleep parameters such as
total sleep time (TST), SL, wake after sleep onset (WASO),
and sleep efficiency (SE) were calculated according to
AASM definition [19]. For strict verification, three experts
(Experts 1-3) with > 5 years of experience and blinded to
participants’ conditions separately evaluated the data. They
were also blinded to the results of sleep staging scored by the
other experts, including via the SS system. All experts were
certified by the JSSR, and two of the experts were also regis-
tered polysomnographic technologists certified by the Board
of Registered Polysomnographic Technologists (Arlington,
VA, USA).

The apnea—hypopnea index was estimated by counting the
hourly number of apnea (i.e., cessation in breathing lasting
at least 10 s) and hypopnea events (i.e., reduction in airflow
amplitude or respiratory effort by at least 30% in associa-
tion with > 3% reduction in SpO, for at least 10 s). A sleep-
onset REM period was defined as REM latency < 15 min
after sleep onset. REM sleep without atonia was defined as
excessive tonic muscular activity (i.e., submental electro-
myographic activity) exceeding twice that of the background
activity for>50% of the 30-s epoch or as excessive phasic
muscular activity (i.e., submental electromyographic activity

Table 1 Participant characteristics

burst lasting 0.1-5.0 s, which is four times higher than the
background activity in 3-s mini-epochs). These sleep metrics
were referenced in the diagnosis of sleep apnea, hypersom-
nia, and REM sleep behavior disorder based on the criteria
of the International Classification of Sleep Disorders, Third
Edition [18].

Portable 1-Ch EEG (SS system)

The SS consists of a portable 1-Ch EEG device and a dedi-
cated automatic sleep staging program version 2.0 (Sleep-
Well Co.). The 1-Ch EEG device is palm-sized (6.3-cm
wide, 9.4-cm long, 3.4-cm deep), light-weight (125 g), and
powered by two chargeable AA batteries. One electrode
(self-adhesive disposable Ag/AgCl surface Blue Sensor M;
Ambu, St Ives, Cambridgeshire, UK) was placed over the
middle of the forehead (2 cm below the midline between the
two frontal electrodes of PSG), while the other was placed
at the left mastoid. In this position, hair resistance can be
avoided, and the device is easily worn by the individual. The
1-Ch EEG obtained from these two electrodes reflects the
activity of the entire brain by bipolar derivation, instead of
collecting site-specific EEG by monopolar derivation using
areference electrode, as does a multi-channel EEG. All data
were recorded digitally in European Data Format. The sam-
pling rate and filter settings were 128 Hz and 0.5-64 Hz,
respectively. Other specifications met JIS T1203 criteria.

The 1-Ch EEG recordings and PSG recordings were
strictly synchronized by a PSG technician. Therefore,
the temporal error in recording initiation was within 6 s
(mean + standard deviation: 2 + 1 s) for each participant. The
data obtained by the device were forwarded to cloud services
(SEAS-G, SleepWell Co., Ltd, Osaka, Japan), in which the
spectral analysis of the EEG data was conducted.

All (N=40)

Patient group (N=26) Healthy group (N=14)

Age (years) median (25th—75th percentile)

Male, N (%) 29 (72.5%)

24.00 (21.50-44.25)

39.5 (24.00-54.00)*
21 (80.8%)"*

21.00 (20.00-22.00)*
8 (57.1%)"%

Diagnosis

Primary diagnosis Secondary diagnosis

Obstructive sleep apnea

Insomnia

Hypersomnia

Narcolepsy

Other

Circadian sleep—wake rhythm disorder
Rapid eye movement sleep behavior disorder

Restless legs syndrome

N/A

A= W IO =
S O = = O = O O

N, number; N/A; not applicable; n.s.; the sex distribution difference between the two groups was not significant confirmed by Fisher’s Exact test

*P <0.001; the age difference between the two groups was tested using the Mann—Whitney U test
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Table 2 Sleep outcome
measures for the patient and
healthy groups based on

the Sleep Scope system and
polysomnography findings

Automated scoring

Data obtained from the SS system were analyzed using an
auto-staging algorithm for every 30-s epoch and classified
automatically into five sleep stages: WK, REM, N1, N2, and

@ Springer

Outcome measure Sleep Scope  Polysomnography (expert)
1 2 3
All participants (N=40)
Total sleep time (min) 408 (69) 425 (69) 414 (72) 400 (74)
Sleep onset latency (min) 24 (18) 21 (16) 21 (17) 21 (16)
WASO (min) 70 (58) 55 (58) 67 (61) 81 (63)
SE (%) 81 (12) 85 (12) 82 (13) 80 (13)
Number of awakenings, <2 min 131 (115) 188 (69) 119(77) 111 (57)
Sleep stage
N1 (min) 56 (50) 83 (49) 85 (60) 80 (54)
N2 (min) 222 (64) 205 (57) 193 (72) 223 (86)
N3 (min) 36 (34) 62 (40) 47 (33) 24 (23)
REM (min) 93 (38) 74 (27) 88 (31) 73 (29)
Undeterminable (% of total epochs of all participants)  0.214 1.11 0.546 0.0224
Patient group (N=26)
Total sleep time (min) 385 (71) 403 (72) 391 (76) 374 (75)
Sleep onset latency (min) 21 (12) 18 (11) 18 (11) 19 (11)
WASO (min) 88 (63) 72 (65) 86 (68) 101 (69)
SE (%) 78 (14) 82 (14) 79 (15) 76 (15)
Number of awakenings, <2 min 165 (126) 197 (58) 135(83) 123 (61)
Sleep stage
N1 (min) 56 (50) 83 (49) 85 (60) 80 (54)
N2 (min) 222 (64) 205 (57) 193(72) 223 (86)
N3 (min) 36 (34) 62 (40) 47 (33) 24 (23)
REM (min) 93 (38) 74 (27) 88 (31) 73 (29)
Undeterminable (% of total epochs of all participants)  0.327 1.19 0.642 0.00389
Healthy group (N=14)
Total sleep time (min) 450 (41) 466 (38) 456 (35) 448 (40)
Sleep onset latency (min) 30 (24) 26 (22) 27 (22) 26 (22)
WASO (min) 36 (19) 24 (17) 33 (18) 43 (20)
SE (%) 87 (5) 90 (5) 88 (5) 87 (5)
Number of awakenings, <2 min 69 (39) 169 (81) 89 (48) 90 (38)
Sleep stage
N1 (min) 56 (50) 83 (49) 85 (60) 80 (54)
N2 (min) 222 (64) 205 (57) 193(72) 223 (86)
N3 (min) 36 (34) 62 (40) 47 (33) 24 (23)
REM (min) 93 (38) 74 (27) 88 (31) 73 (29)
Undeterminable (% of total epochs of all participants) ~ 0.0138 0.976 0.374 0.0554

All participants (N=40)

All data are presented as the mean value and standard deviation [mean (SD)]

N1, sleep stage N1; N2, sleep stage N2; N3, sleep stage N3; REM, rapid eye movement; WASO, wake after

sleep onset; SE, sleep efficiency

Note (for all tables): Sleep Scope is manufactured by SleepWell Co., Ltd. (Osaka, Japan; https://sleepwell.

co.jp/sleepscope)

N3. The unanalyzable epochs due to poor EEG data qual-
ity were classified as “undeterminable.” When more than

one-half of an epoch consisted of a detectable EEG pattern,
the epoch was sleep staged. The details of this auto-staging
algorithm are not open to the public; however, SleepWell

Co., Ltd. outlines it as follows: for the “correct answer” in


https://sleepwell.co.jp/sleepscope
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Table 3 Mean differences between the Sleep Scope system and polysomnography (i.e., Expert 1-3) measurements for each sleep parameter

Sleep param-  Friedman test Wilcoxon signed rank test

eter X
Chi-square df P

Ex1 versus Ex2 Ex1 versus Ex3 Ex2 versus Ex3 Ex1 versus SS Ex2 versus SS Ex3 versus SS

Total sleep 57.861 3 <0.001* <0.001%* <0.001*
time

Sleep onset 37.877 3 <0.001* 5418 0.373
latency

WASO 57.023 3 <0.001* <0.001%* <0.001*

SE 57.861 <0.001* <0.001* <0.001*

<0.001%* <0.001* 0.080 0.557
0.616 <0.001* <0.001* <0.001*

<0.001* <0.001* 1.331 0.032%*

<0.001* <0.001* 0.069 0.558

All participants (N =40)

WASO, wake after sleep onset; SE, sleep efficiency; Ex, expert; SS, Sleep Scope

*P <0.05; for the Wilcoxon signed rank test, the Bonferroni correction was applied to correct for multiple testing

the supervised learning, which is a reference to SS data,
stage determination by JSSR-certified experts was adopted
using the AASM criteria (version 2.0; October 2012) based
on simultaneously measured PSG data (EEG, electroocu-
lography, and electromyography). The stage determination
algorithm was obtained by examining the sleep staging
mechanism based on stage-specific waveform patterns of
the “correct answer.” The sample data (i.e., teacher) were
increased from 234 to 1,199 in the latest version (2.0), com-
pared to the previous version, to improve accuracy. This ver-
sion upgrade of SS was simply due to the increased num-
ber of teacher data. The increase in teacher data led to an
increase in the number of parameters, which are the stage-
specific waveform patterns referenced in machine learning,
from 46 to 67 over the previous version.

Sleep stages were scored based on SS EEG data for each
30-s epoch. These timing data allowed us to easily synchro-
nize SS and PSG results. Sleep parameters (i.e., TST, SL,
WASO, and SE) were calculated from the obtained data
according to the definition of the AASM criteria [19].

Statistical analysis

Each statistical method was applied after confirming
distribution normality using the Shapiro—Wilk tests. The
occurrence ratio of sleep stage was calculated by dividing
the number of epochs of each sleep stage by the total num-
ber of epochs. Fisher’s exact test was used to examine the
difference in sex distribution between patient and healthy
groups. The Mann—Whitney U test was used to examine
differences in age and ratio of each sleep stage between
patient and healthy groups, as well as the difference in the
ratio of matches between PSG and SS determinations for
each expert between patient and healthy groups. Friedman
test followed by Wilcoxon signed-rank test with Bonfer-
roni correction was used to compare the means between
SS and the three PSG-expert measurements among sleep
parameters (TST, SL, WASO, and SE). Bland—Altman

plot analysis was used to evaluate bias between SS and
each PSG measurement on sleep parameters. For statisti-
cal assessment, each mean bias was tested with a one-
sample ¢ test (null hypothesis was defined as the mean
bias between SS and PSG measurement, which is zero).
Bland—Altman analysis was also separately performed
for patient and healthy groups. To evaluate the pairwise
concordance in sleep staging between SS and PSG data,
x value and percent agreement were calculated. The sta-
tistical plan for validating the feasibility of SS against
PSG was guided by reference to recommendations from
the International Biomarkers Workshop on Wearables in
Sleep and Circadian Science [21]. All statistical analyses
were conducted using SPSS (version 25; IBM, Armonk,
NY, USA). A p value <0.05 was considered statistically
significant. To evaluate « values, the Landis and Koch
criteria were adopted [22].

Results

Participant characteristics are summarized in Table 1.
Data from one healthy volunteer were excluded from the
analysis, because SL was > 180 min. The healthy group
was significantly younger than the patient group (median
age, 21.00 years; P <0.001). The sex distribution difference
between the two groups was not significant (P=0.147).
Outcomes of the one-night sleep EEG obtained from
patient and healthy groups are shown in Table 2. The per-
centage of undeterminable epochs in each sleep stage for SS
and PSG was within the level of 1% in both groups (Table 2).
TST of all participants obtained via PSG exceeded 240 min,
which suggested that measurements were conducted pre-
cisely with reference to minimum hours required to diagnose
apnea (i.e., 180 min) and quality assessment of sleep record-
ings by Redline et al. [23]. The mean differences between
the SS system and three PSG-expert measurements for each
sleep parameter are shown in Table 3. The significant mean
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Fig.2 Bland-Altman plot analysis of sleep parameters. Each plot
represents the data for each participant’s sleep parameters. The hori-
zontal solid gray lines represent the means bias (i.e., the differences
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cate an overestimation of each sleep parameter by Sleep Scope, and
negative plots on the vertical axis indicate an underestimation of each
sleep parameter by Sleep Scope, compared to the results from each
polysomnography expert
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Table4 Agreement between experts in sleep stage determination
based on polysomnography data

Polysomnography (expert)

1 versus 2 1 versus 3 2 versus 3

All participants (N=40)

Overall agreement (%)  80.8 75.1 81.4

Overall kappa 0.746 0.664 0.749
Patient group (N=26)

Overall agreement (%) 79.6 73.5 80.1

Overall kappa 0.736 0.649 0.738
Healthy group (N=14)

Overall agreement (%) 82.8 78.0 83.6

Overall kappa 0.760 0.682 0.762

differences in TST, WASO, and SE among the four meas-
urement groups, confirmed by the Friedman test, were not
specifically dependent on the SS—PSG experts’ measurement
differences as direct comparisons both among PSG experts
and between SS and each PSG expert (Wilcoxon signed-rank
test with Bonferroni correction) showed statistical mean dif-
ferences in these variables (Table 3). In contrast, the sig-
nificant mean difference in SL, confirmed by the Friedman
test, was found to be due to the difference between SS and
PSG experts’ measurements but not due to those among PSG
experts’ measurements (Table 3). The Bland—Altman plots
of TST, SL, WASO, and SE indicated that they were not
positively associated with measurement time (Fig. 2). The
SS system had a slight systematic bias in measuring TST,
SL, WASO, or SE (Fig. 2 and S1 Table in Online Resource
2). Based on mean bias values, only the SS system, com-
pared with PSG Experts 1-3, significantly overestimated SL
by about 3 min, while other sleep parameters showed no
consistent tendency in bias (Fig. 2 and S1 Table in Online
Resource 2). Furthermore, a similar trend was observed in
measuring sleep parameters for patient and healthy groups
based on Bland—Altman plot analyses, and the disappearance
of the significance of difference of mean bias values may be
attributed to the smaller sample size and higher variability
in the healthy group (S1 and S2 Figs in Online Resource 1;
S2 and S3 Tables in Online Resource 2).

The inter-rater agreement and SS versus PSG (i.e.,
Experts 1-3) agreement along with « values are summarized
for both groups in Tables 4 and 5, respectively. We found
substantial agreement among all PSG expert combinations.
Based on « values comparing SS and PSG experts in all
participants’ data, all three SS—expert combinations had a
substantial agreement. The variability in the PSG-matching
ratio for each expert is shown as a box plot for each sleep
stage for the two groups (Fig. 3). No sleep stage exhibited
a significant intergroup difference in the matched ratio.

Table 5 Agreement between the Sleep Scope system and the poly-
somnography experts in sleep stage determination

Polysomnography (expert)

1 versus 2 versus 3 versus
Sleep Scope Sleep Scope Sleep
Scope
All participants (N =40)
Overall agreement (%) 71.9 75.7 75.4
Overall kappa 0.620 0.672 0.657
Patient group (N=26)
Overall agreement (%) 69.9 72.7 72.3
Overall kappa 0.599 0.638 0.623
Healthy group (N=14)
Overall agreement (%) 75.5 81.0 80.9
Overall kappa 0.652 0.728 0.716

Among the high agreement for sleep staging, relatively low
agreement rates were found throughout N1.

The occurrence ratios of sleep stages are shown in
Table 6. These occurrence ratios were calculated separately
for each PSG expert and SS. The median of these four values
(i.e., Experts 1-3 and SS) in each sleep stage was used to
test for differences in the occurrence ratio of each sleep stage
between patient and healthy groups (Mann—Whitney U test).
Although the occurrence ratios of undeterminable epochs
tended to be lower in the patient group than in the healthy
group, differences between the two groups were not signifi-
cant. Significantly higher occurrence ratios for N1 and WK
and a significantly lower occurrence ratio for N2 occurred
in the patient group than in the healthy group.

Discussion

Although there seemed to be lower concordance in sleep
parameters except for SL in the patient than the healthy
group, the agreement ratios for sleep parameters between
the SS system and each PSG expert also suggest the poten-
tial utility of the SS system for clinical evaluation in sleep
medicine.

While the overall agreement rate for sleep stage determi-
nation between the SS system and PSG was sufficient, the
pairwise « values of SS—PSG appeared to be smaller than
those among the three PSG experts. The low SS—-PSG con-
cordance of sleep stages in the patient group may have been
caused by more frequent concomitant sudden sleep stage
transitions (e.g., awakening because of apnea or hypopnea),
which is consistent with the greater incidence of WK and N1
in the patient group. Moreover, differences in sleep structure
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Fig.3 Box plots of the match-
ing ratio for the Sleep Scope
system and each polysomnog-
raphy expert’s determination

of each sleep stage. The boxes
represent the interquartile range
of matched ratios (the top and
bottom lines of the box repre-
sent the first and third quar-
tiles, and the thick line in the
middle of the box represents the
median). The whiskers show the
maximum and minimum values.
The horizontal dotted lines
represent the median percentage
of the combined data of the two
groups. WK, wake; N1, sleep
stage N1; N2, sleep stage N2;
N3, sleep stage N3; REM, rapid
eye movement
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may have lowered the concordance because of the higher
age distribution of patients than healthy participants [24].
The higher percentage of N1 and WK with a relatively low
SS-PSG agreement rate and lower percentage of N2 with a
relatively high SS—PSG agreement rate in the patient group
may have decreased the x value.

Overall differences in SS-PSG concordance may be
intrinsically influenced by the difference in measurement
sites, since the only middle frontal derivation of SS may
detect alpha activity weaker than the occipital derivation,
which is ascertainable by PSG [25, 26]. Determining the
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WK-N1 boundary depends on the frequency of alpha-wave
entities based on the AASM criteria [19]; therefore, deter-
mination of N1 using the SS system seems to be a continued
weakness of the current algorithm. Popovic et al. demon-
strated that even if the same EEG data were referenced, the
percentage of matched sleep stage between manual and auto-
matic scoring is 78.7-76.8% for WK epochs and 51.3-51.1%
for N1 epochs [13]. Despite the lack of an electrooculogram
in the SS system, it seems nearly sufficient for detecting
REM sleep. The median percentage of the SS system’s
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Table 6 Occurrence ratio of each sleep stage estimated by the Sleep Scope system and all PSG experts

Sleep stage (%) Patient group (N=26) Healthy group (N=14)
N1 Expert 1 19.2 Median (25th—75th percentile) 19.2 12.1 Median (25th—75th percentile) 10.8 (8.7—
(16.4-19.7)* 11.7)*
20.2 11.3
3 19.1 10.3
Sleep Scope 13.6 7.1
N2 Expert 1 37.9 Median (25th—75th percentile) 38.6 46.2 Median (25th—75th percentile) 47.7 (46.1—
(36.2-40.4)* 51.3)*
344 46.0
3 39.3 53.4
Sleep Scope 41.5 49.2
N3 Expert 1 10.6 Median (25th—75th percentile) 6.9 (4.8-9.3)  15.6 Median (25th—75th percentile) 10.8 (8.1-13.8)
8.0 12.0
3 3.7 6.7
Sleep scope 5.8 9.5
WK Expert 1 17.2 Median (25th—75th percentile) 21.1 8.8 Median (25th—75th percentile) 12.0 (10.0—
(18.8-23.0)* 12.9)*
20.3 11.2
24.2 13.1
Sleep Scope 21.8 12.7
REM Expert 1 13.9 Median (25th—75th percentile) 15.3 16.4 Median (25th—75th percentile) 17.7 (16.4—
(13.8-16.8) 20.2)
16.6 19.0
3 13.7 16.4
Sleep Scope 17.0 21.4
Undeterminable Expert 1 1.2 Median (25th—75th percentile) 0.5 (0.2-0.9) 1.0 Median (25th—75th percentile) 0.3 (0.1-0.7)
0.6 0.4
3 0.0 0.1
Sleep Scope 0.3 0.0

PSG, polysomnography; N1, sleep stage N1; N2, sleep stage N2; N3, sleep stage N3; WK, wake; REM, rapid eye movement

*P <0.05; the difference between the two groups (Patient vs. Healthy) was tested using the Mann—Whitney U test

match to expert determinations of REM based on PSG data
exceeded 70% of the combined data of the two groups.

In healthy individuals, Matsuo et al. demonstrated the
superiority of the SS system with regard to sleep-length esti-
mation and sleep-epoch detection over two other activity-
based sleep monitors (using PSG as a reference) [16]. The
current results support this notion by showing good agree-
ment between SS and PSG, regardless of the presence of
sleep disorders.

Previous studies have suggested that activity-based sleep
monitors have a low ability to identify WASO or wake-
fulness [6-9]. This limitation may be a potential issue in
people whose sleep is highly fragmented, which occurs in
older adults and patients with sleep disorders [7]. The high

correlation of WASO between SS and PSG in patients and
healthy participants may demonstrate the superiority of pre-
dicting sleep based on 1-Ch EEG over predictions based on
an individual’s movements.

PSG is generally utilized for diagnosing several sleep dis-
orders. However, a portable EEG system that includes the SS
system may have novel clinical utility for pre- and post-treat-
ment evaluations regardless of whether the EEG is recorded
in home or laboratory environments. Reducing time and eco-
nomic restrictions of measurement is a substantial advan-
tage of the SS system over traditional PSG. Furthermore,
the ease of obtaining measurements using the SS system
suggests that it is suitable for large data sampling, which
may aid the development of novel sleep-related biomarkers
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in patients with neuropsychiatric disorders [27-29]. Studies
have suggested the vulnerability of N2 as a pathophysiologi-
cal marker of insomnia, impaired REM sleep for subtyping
major depressive disorder, and sleep stage transition from
N2/N3 to REM as a biomarker of narcolepsy [30-32].Such
evidence has been primarily obtained in PSG studies, but we
expect that portable EEG devices will greatly contribute to
future studies, owing to their good concordance with PSG,
especially in discriminating between sleep stages, such as
N2/3 and REM. In addition, the association between reduced
REM sleep and increased risk of all-cause mortality in adults
has recently drawn attention [33, 34]. Therefore, EEG-based
portable devices, including the SS system, may facilitate
public health promotion in the near future.

The current study has several limitations. First, we could
not infer SS’ ability to reliably measure an individual’s sleep
over multiple nights. Second, device synchronization with
PSG where precision was within 6 s could decrease the
agreement rate between them. Third, because fewer women
than men participated in this study, caution is necessary
when generalizing our findings to women. Fourth, while the
usability of SS among a wide age range of individuals has
been verified, the significant age difference between patient
and healthy groups may have affected our results. Never-
theless, the significantly high concordance between SS and
PSG outcomes suggested that the SS system is robust and
can contribute to the development of new biomarkers and
diagnostic or therapeutic techniques.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s41105-022-00421-5.
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