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Abstract

Purpose

The purpose of this pilot study was to investigate if sleep classification data from a
non-contact sleep monitor placed in the patient’s bedroom at home were associated with
obstructive sleep apnea (OSA) severity at the time of primary investigation. Secondly, we
aimed to study the effect of established continuous positive airway pressure (CPAP) ther-
apy on objective sleep classification measurements.

Methods

We performed a prospective single center study at a medium size hospital. Adult patients
referred with symptoms that could indicate OSA underwent standard respiratory polygra-
phy (RPG) registration, sleep classification measured with non-contact radar technology
(Somnofy, Vitalthings AS, Norway), and answered the Epworth Sleepiness Scale (ESS)
questionnaire. After 12-20 weeks, ESS and non-contact registration was repeated in
patients diagnosed with OSA who had eslished effective CPAP therapy.

Results

A total of 47 patients (62% men, mean age 51 years) were diagnosed with OSA based

on the respiratory event index (REI). OSA severity correlated negatively with total sleep
time (p < 0.003), fraction of deep and REM sleep (p < 0.000 and p < 0.036, respec-
tively), and positively for sleep fragmentations (p < 0.007), recorded by the Somnofy. After
CPAP therapy, patients slept longer in total (p < 0.012), with more deep sleep (p < 0.001)
and less sleep fragmentation (p < 0.009). Although OSA severity correlated with sleep
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classification data, there was no association with self-reported symptoms (ESS) at base-
line or during CPAP therapy.

Conclusion

We demonstrated that non-contact sleep measurements in a home environment seem to
correlate with OSA severity and could be a valuable supplement to RPG and ESS in OSA
diagnosis and follow up on therapy.

Introduction

Obstructive sleep apnea syndrome (OSA) is frequent, especially in men, with estimated prev-
alence rates of 9-38%, and the incidence increases with age and body mass index (BMI) [1].
Repeated breathing stops due to upper airway obstruction during sleep cause oxygen desat-
urations associated with risk of hypertension, ischemic cardiac disease, arrhythmias, stroke
and diabetes [2]. Fragmented sleep also causes excessive daytime sleepiness (EDS), impaired
memory, reduced quality of life and increased risk of accidents [2-6]. The symptom burden in
OSA is highly variable and does not always coincide with objective measurements of disease
severity [4,5,7].

OSA diagnostics requires a nightly registration of sleep characteristics [3]. Although poly-
somnography (PSG) is considered the gold standard, home sleep apnea tests (HSAT) such as
respiratory polygraphy (RPG) are less resource demanding and therefore used more frequently
[3,4]. A measured apnea hypopnea index (AHI) > 5 per hour indicates OSA [1,8]. The diagnosis
is supported by typical symptoms such as EDS, most often assessed using the Epworth sleepiness
scale (ESS) questionnaire [4], as EDS is the most frequent reported symptom in OSA [5,7,9,10].

Standard HSAT-reports do not distinguish between wakefulness and actual sleep, and the
diagnostic sensitivity in OSA is therefore lower compared to PSG. Due to this, respiratory
event index (REI) is often used with HSAT. REI is often lower compared to AHI and rep-
resents a risk of underestimating the OSA diagnosis [3,5]. According to previous OSA studies,
there is an association between EDS and changes in sleep architecture, such as reduced time
in deep sleep (N3 stage) [9,10]. Today's HSATs may thus underestimate OSA severity, and
thereby the patient s real need for OSA therapy [3,4,7].

Continuous Positive Airway Pressure (CPAP) is recommended for OSA treatment [11].
CPAP has a beneficial effect on obstructed breathing, nighttime oxygen saturation and risk of
accompanying disease and daytime symptoms [4,5,12]. However, despite good adherence to
CPAP therapy, some patients do not experience symptom relief [4,13,14].

Non-contact radar technology is currently tested as potential screening tools for OSA, with
promising results [15-17]. One contact-free monitor, Somnofy (Vitalthings AS, Norway), has
proved feasible for assessment of sleep architecture and sleep quality in healthy volunteers,
with high precision under standardized sleeping conditions [18]. However, a recent review
did not identify studies where contact-free radar technology has been tested in OSA patients
sleeping at home [19,20].

In the current study, the non-contact sleep monitor Somnofy was tested as a supplement
to RPG and ESS, which are the most frequently used diagnostic tools in the investigation
of sleep disorders [3,4]. Our primary aim was to investigate if sleep classification data from
Somnofy were associated with OSA severity in symptomatic patients at the time of primary
investigation, when the registrations were performed in a home environment setting. Sec-
ondly, we aimed to study the effect of established CPAP therapy on objective sleep classifica-
tion data.
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Methods
Study design and the study population

We conducted a prospective, non-randomized clinical follow-up study at a medium size local
hospital from September 2021 to September 2022. To make sure we covered the expected vari-
ability of a non-selected outpatient population, all adult patients referred during this period
due to symptoms indicating OSA, such as EDS, snoring and observed apnea during sleep
were invited to participate. For the same reason, we decided to include patients with relevant
comorbidities and all level of symptom severity [4,11,21].

Written consent was obtained from all participants. Patients who were pregnant or
suffered from severe somatic or psychiatric illness were not considered eligible for study
inclusion (Fig 1).

All patients who were diagnosed with OSA and deemed eligible for CPAP therapy after
primary investigation were invited to the second phase of the study. Included in this study
population were also patients with the combination of mild OSA and a high burden of self-
reported symptoms. This was to make sure we covered all participants who could potentially
benefit from CPAP therapy.

The study was approved by the Regional Committee for Medical and Health Research
Ethics (ID 200405) and The Norwegian Medicines Agency and registered in ClinicalTrials.gov
(NCT05049135).

Clinical data

All study participants underwent clinical examination at their first hospital visit, according to
standard practice in the outpatient ward. Patient-reported excessive daytime sleepiness (EDS)

Undervent
evaluation
62
Excluded from the
OSA study
47 15
Started on CPAP Did not start No OSA Insufficent data
therapy CPAP therapy avaliable
39 8 9 6
Not adherente to
Adherent to CPAP CPAP
2 17

OS A= Obstructive sleep apnea syndrome. CPAP= Continuous positive airway pressure. Acceptable adherence to CPAP= 70 % of nights and
all nights> 4 hours. Not enough data from sleep monitor= less than tree night.

Fig 1. Flow chart showing the selection of study participants.

https://doi.org/10.1371/journal.pone.0319606.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0319606 March 19, 2025

3/13


https://doi.org/10.1371/journal.pone.0319606.g001

PLOS ONE

The association between OSA severity and sleep architecture using non-contact radar technology

(ESS), sleep data from conventional HSAT (RPG) and the non-contact sleep monitor (Som-
nofy, VitalThings AS, Norway) were collected from all participants at primary investigation
and repeated in OSA individuals compliant to CPAP at the end of the study period. The study
plan and patient follow-up are outlined in Fig 2. The same nurse and pulmonologist carried
out inclusion, investigation and follow-up.

Collection of sleep data at primary investigation

Patient reported outcome. The ESS is a short questionnaire for self-reported experience
of EDS [4]. EDS is defined as an ESS score above 10. The maximum score is 24. In OSA
patients, the baseline ESS is 10 [12,22] and the minimal important difference in ESS after
starting CPAP is defined as 2 points [3,22]. The patient completed the ESS at home, as
electronic patient-reported outcome measure (ePROM).

Home Sleep Apnea Test (HSAT) with respiratory polygraphy. Standard care respiratory
polygraphy with a Type 3 (Nox T3, Nox Medical, Iceland) was performed at the time of
diagnosis [23]. The respiratory polygraphy device was mounted on the patient’s body and
brought home overnight for registration while the patient slept in his/her own bed [3]. In case
of unsuccessful recording, the procedure was repeated. The report was manually reviewed,
and quality checked by the study nurse following conventional scoring rules [3,8]. Periods

- Clinical consultation (day 1)

-ESS(day 1)

- REI from HSAT (night 2)

- Sleep data from non contact radar sensor (night 1-7)

Time of primary investigation, all included patients

-

No OSA OSA
Excluded from study Started with CPAP therapy

f—

After 14 nights of CPAP therapy

- Telephone consultation, follow up and trouble shooting using
telemonitoring

¢

Adherence to CPAP therapy, after 12-20 weeks
- Telephone consultation
- ESS
- REI from telemonitoring (mean from last 60 nights)

- Sleep data from non contact radar sensor (7 new nights)

ESS= Epworth sleepiness scale. REI= respiratory event index. HSAT= home sleep apnea testing. OSA= obstructive sleep apnea. CPAP=
continuous positive airway pressure. AirView ™= (ResMed), system for remote follow up of CPAP

Fig 2. Study plan and patient follow-up.

https://doi.org/10.1371/journal.pone.0319606.g002
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where the patient was not in bed, in upright position, and artefacts due to restlessness were
removed to estimate total sleep time. The final report provided a basis for OSA diagnosis and
therapy recommendations [3,8,11].

Non-contact sleep monitor. A commercial, non-contact sleep monitor Somnofy
(Vitalthings As, Norway) was used to collect sleep data from the study participants, in
parallel with standard HSAT [18]. The device used non-contact radar sensor technology
to measure movements, from which the respiration rate could be extracted. Movement
and respiration rate were fed into a machine-learning network able to classify sleep in
light (N1/N2), deep (N3) and rapid eye movement (REM) sleep phases [18]. For the
purpose of this study, we wanted to focus on the sleep stages that are considered to
influence EDS the most, N3 and REM [2,9,10]. Therefore, N1 and N2 were not included
in our analyses.

Patients were instructed to install Somnofy in their bedroom according to recommenda-
tions from the vendor (Fig 3). The following data calculated by Somnofy were collected: total
sleep time, time in deep sleep (stage N3), time in REM sleep, short awakenings (< 2 minutes)
and longer awakenings (> 2 minutes). The participant’s sleep was recorded for seven nights
at the time of primary investigation. A minor adjustment of distance to the monitor was
necessary after the first night for some participants. A technician supervised the quality of the
recorded data and if necessary, the study nurse instructed the patient to adjust the position of
Somnofy in order to optimize data signals. If data quality was reduced, recordings from the
first night were removed from the data set (Fig 3).

Some patients did not sleep in their beds for seven nights due to weekend plans and shift
work. The night of Nox T3 registration was excluded from the dataset to avoid bias from
potentially intrusive equipment. Considering these factors and taking normal sleep-variance
into account, sleep data were for each patient calculated out of three nights with acceptable
data quality, as judged by the study nurse. In cases where acceptable data from more than
three nights were available, registrations from night 3, 4 and 5 were chosen. If this was not
possible, we had to select another combination of three nights with acceptable data quality
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Fig 3. Mounting instructions for the Somnofy device to the left. The bedside table set-up in real life to the right.
https://doi.org/10.1371/journal.pone.0319606.9003
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from the registration period, not necessarily consecutive nights. Patients with less than three
nights of recordings were excluded from the study.

Collection of sleep data after established CPAP therapy

Study participants diagnosed with OSA were selected for CPAP therapy (AirSense 10 Autoset,
ResMed) according to the American Academy of Sleep Medicine Clinical Practice Guidelines
[11]. In agreement with local practice, we used remote follow-up with AirView™ (ResMed)
to collect therapy data such as adherence and residual REI. AirView™ was considered as a
trustable source for residual REI and less intrusive than HSAT in this phase of the study. Since
early follow up and troubleshooting is recommended to promote adherence to therapy [11],
all participants starting CPAP therapy received a telephone consultation after 14 days. After
12- 20 weeks of treatment, according to how easy the participants adopted to therapy, the last
60 nights of treatment data from AirView were collected from patients who met the criteria
for CPAP adherence. Acceptable CPAP adherence was defined as use > 70% of nights, and all
nights more than four hours use [24]. Adherent participants repeated the ESS score and the
registration procedure with Somnofy for seven nights (Fig 2).

Statistics

The data analyses were performed using IBM SPSS Statistics (version 27).

Data were expressed with mean, median and standard deviation (SD), percentiles, mini-
mum and maximum. A p value < 0.05 was considered statistically significant.

ESS score was used to calculate sample size. ESS has a total range 0-24 points, SD 3 and
variance [9]. Mean ESS in an OSA population is 11.8 and the reported minimal clinically
important improvement of ESS is between -2 and -3 [25,26]. To make sure not to overlook
a real difference, we calculated with an expected reduction in ESS -3. Selecting alfa 0.05 and
strength beta = 0.9, the estimated sample size was n =22. In a comparable study the preva-
lence of OSA in a group of patients referred for suspected OSA was 62% [27], and a recent
review describes the non-adherence to CPAP therapy to be 25-83% due to the cut-off crite-
ria [28]. A minimum of 62 participants therefore had to be included in order to identify 22
patients with OSA that were also adherent to CPAP (Fig 1).

Spearman’s rank correlation was used to assess relationships between the patient’s subjec-
tive daytime sleepiness (ESS), REI score and classification from the non-contact radar tech-
nology at the time of diagnosis. Differences before and after established CPAP therapy were
compared using the Wilcoxon Signed Rank Test.

To investigate the discrepancy between the estimated total sleep time from HSAT (RPG)
and total sleep time scored by the non-contact radar technology we used the Wilcoxon Signed
Rank Test.

In datasets containing outliers, removing these from the statistical analyses did not affect
the study results, so they were kept in the dataset.

Results
Study population

A total of 62 patients were enrolled. Out of these, 47 (76%) met the diagnostic criteria for
OSA. Among the 39 patients selected for CPAP therapy, 22 (56%) had acceptable adher-
ence to treatment. Out of the 62 patients evaluated, six were excluded from the study due
to insufficient data availability. Specifically, three patients slept less than three nights at
home, two had less than three nights of Somnofy data after removing suboptimal data,
and one patient failed to achieve a successful HSAT recording. In five patients, the HSAT
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recording had to be repeated due to difficulties mounting the equipment to the patient's
body (Fig 1).

Primary investigation with RPG and non-contact sleep monitor

Baseline characteristics of the study population are given in Table 1. Baseline sleep data from
Somnofy are also depicted in figure S4 Fig. Non-contact measurements from Somnofy identified a
mean time for sleep onset latency of 34 minutes, a mean total sleep time of approximately 6 hours,
mean fraction of deep sleep (N3) of 13%, and a mean fraction of REM sleep of 22% (Table 1).

Registrations from Somnofy identified a mean total sleep time of 6 hours (358 minutes),
which was 73 minutes lower than the mean estimated sleep time from the standard HSAT
registration (Table 1). This difference was statistically significant (p < 0.001).

A high REI score measured by conventional HSAT was associated with lower total sleep
time, less time in deep sleep (N3), less REM sleep, and more fragmented sleep in the non-
contact sleep registrations (Table 2). In particular, we observed a higher frequency of longer

Table 1. Baseline characteristics in the study population at the time of primary investigation (n = 47).

n % Mean (SD) Median (min, max) 25 pct/ 75 pct
Sex (male/female) 29/18 62/38
Age (years) 51 (13) 53(23,77) 39/60
BMI (kg/m?) 30 (4) 31 (24, 42) 27/33
Obese, BMI > 30 (kg/m?) 24 51
Smoking/no smoking 7/40 15/85
Hypertension 14 29
Diabetes mellitus
Atrial fibrillation
Asthma 4 9
SBP, mmHg 138 (18) 137 (104, 193) 125/149
DBP, mmHg 86 (11) 84 (70, 119) 77/ 94
ESS score (0-24) 8 (4) 8(0, 15) 4/ 12
ESS score > 10 20 43
Data from HSAT (RPG)
REI (per hour) 25(21) 15 (6,85) 10/33
Mild/moderate/severe OSA 23/9/15 49/19/32
Estimated sleep time with HSAT, minutes 431 (65) 439 (244, 610) 390/ 459
Technical/mounting issues 5 11
Data from Somnofy:
Total sleep time Somnofy, minutes 358 (78) 370 (65, 524) 322/ 396
Time in deep sleep stage, N3, minutes 49 (28) 46 (0, 148) 28/ 70
N3 of total sleep time (mean) % 13 (7) 13 (0, 35) 8/18
Time in REM sleep stage 80 (29) 78 (3,131) 70/ 100
REM of total sleep time (mean) % 22 (7) 21 (5,38) 19/26
Sleep onset latency, minutes 34 (22) 29 (3,98) 18/ 46
Number of awakenings < 2 minutes 22 (8) 23 (8,47) 16/ 27
Number of awakenings > 2 minutes 5(4) 4(0,23) 2/ 6

BMI = body mass index, SBP = systolic blood pressure, DBP = diastolic blood pressure, HSAT = home sleep apnea testing, RPG = respiratory polygraphy, REI = respi-
ratory event index hypopnea index, ESS = Epworth sleepiness score, Technical/mounting issues with = number of patients who had to re do the HSAT registration, IQR
= inter quartile range (75th - 25th percentile).

https://doi.org/10.1371/journal.pone.0319606.t001
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awakenings. Self-reported daytime sleepiness (ESS) did not correlate with OSA severity or any
of the other sleep parameters from Somnofy (Table 2).

Investigation after established CPAP therapy

After effective CPAP therapy, non-contact measurements showed that total sleep time and
time in N3 sleep increased with a mean value of 52 and 22 minutes, respectively, compared
to baseline (Table 3). CPAP also seemed to have a beneficial effect on the frequency of sleep

Table 2. Correlation between baseline parameters in the OSA population (n = 47).

REI ESS Sleep Time N3 sleep REM sleep Number of Number of
awakenings awakenings
<2 min >2 min

REI

CC -0.057 -0.420 -0.568 -0.306 0.118 0.399
P 0.705 0.003" 0.000" 0.036 0.430 0.007"
ESS

CC -0.057 -0.013 0.049 0.11 -0.033 -0.147
P 0.705 0.930 0.744 0.464 0.824 0.323
Sleep Time

CcC -0.420 -0.013 0.584 0.610 0.106 -0.372
P 0.003" 0.930 0.000" 0.001" 0.480 0.010"
N3 sleep

CC —-0.568 0.049 0.584 0.458 -0.107 —-0.467
P 0.000" 0.744 0.000" 0.001" 0.475 0.001"
REM sleep

CC -0.306 0.11 0.610 0.458 0.119 —-0.442
P 0.036" 0.464 0.001" 0.001" 0.427 0.002"
Number of

awakenings < 0.118 -0.033 0.106 -0.107 -0.119 0.621
2 min 0.430 0.824 0.480 0.475 0.427 0.000"
CcC

4

Number of

awakenings > 0.388 —-0.147 -0.372 —-0.467 —-0.442 0.621

2 min 0.007" 0.323 0.010 0.001" 0.002" 0.000"

CcC

p

REI = respiratory event index, ESS = Epworth sleepiness scale, CC = correlation coefficient. Statistically significant values are marked by

*. Spearman’s rank correlation was used for analyses.

https://doi.org/10.1371/journal.pone.0319606.t002

Table 3. Changes in sleep parameters between baseline and 12-20 weeks of CPAP therapy (n = 22).

Mean (SD) Median IQR P
REI (index per hour) -31.0 (21.3) -25.2 -31.3 0.001%*
ESS (score) -1.4 (0.4) 0.0 -2.5 0.179
Sleep Time (minutes) 51.9 (28.9) 26.5 21.8 0.012%
N3 sleep (minutes) 22.0(7.2) 22.0 —-14.5 0.001%*
REM sleep (minutes) —4.8 (4.6) 6.0 -8.5 0.791
Number of awakenings < 2 min -5.0 (0.3) =55 2.0 0003*
Number of awakenings > 2 min -2.0(1.9) -1.5 1.5 0.009*

REI = respiratory event index per hour, ESS = Epworth sleepiness scale. IQR = inter quartile range (75th - 25th percentile). Statistically significant values are marked by

*. Wilcoxon Signed Rank Test was used for analyses.

https://doi.org/10.1371/journal.pone.0319606.t003
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fragmentation (Table 3), but not on time in REM sleep. Despite the observed tendency
towards more normal sleep measurements, the ESS score was not reduced below the criteria
for minimal important difference [22]. The variables given in Table 3 are also illustrated in
figure in S5 Fig.

Discussion

Our study successfully demonstrated that the non-contact sleep monitor Somnofy can be used
to collect sleep classification data from symptomatic patients sleeping at home, as a supple-
ment to HSAT under primary OSA investigation and during follow-up on CPAP therapy.
Reduced total sleep time and low fraction of deep sleep were associated with OSA severity at
the time of diagnosis and improved significantly in patients who were effectively treated with
CPAP. We did not find the same correlations for excessive daytime sleepiness (EDS).

As conventional HSAT does not distinguish between actual sleep and wake it may under-
estimate REI and the severity of OSA [3,4,29]. We observed this tendency also in our study,
with a significant difference in estimated sleep time comparing data from HSAT and the non-
contact sleep device. The non-contact monitor could add sleep scoring to compensate for this
uncertainty, bringing us closer to the gold standard PSG. The clinical presentation of OSA is
heterogeneous and thus requires a more nuanced understanding of the disorder focusing not
only on AHI/REI [5,30,31]. In the HSAT testing, adding sleep classification from non-contact
radar technology can potentially strengthen the diagnostic quality of the HSAT test.

During primary investigation of OSA, non-contact devices can provide sleep parameters
from a longer and more flexible registration period than conventional HSAT, as demonstrated
in our study. This makes it easier to take into account the normal variations in patients’ life,
and night to night variations in sleep quality. A more comprehensive registration of sleep
architecture may be useful to identify patients with EDS due to insufficient sleep time/irregu-
lar bed-and wake times [14,32]. In a diagnostic single-night registration the severity of disease
may be misclassified, especially among patients with mild to moderate OSA [33]. More com-
prehensive sleep classification data may also identify patients with other primary or secondary
sleep disorders who could benefit from a full PSG [3].

The diagnostic assessment of OSA and selection of patients for therapy is challenged by
the poor association between REI and the key symptom EDS [5,34]. EDS in OSA affect the
patient, the patient’s family, workplace, and the society, inflicting a financial burden to the
healthcare services [2,4,6,13]. Patients diagnosed with mild OSA can still have a high burden
of symptoms [4,21,29]. In this group, a more detailed registration of sleep architecture before
deciding in favor of or against treatment could be of particular interest. Finding disrupted
sleep due to respiratory events could count in favor of CPAP therapy, providing clinical deci-
sion support. Hence, we chose to include in our study also those patients with mild OSA.

Despite the well-documented beneficial effects of CPAP therapy in OSA, poor adherence to
treatment is a common and multi-factorial challenge [24,28]. Access to sleep data recorded in
a home setting could potentially serve as a motivator for patient adherence to CPAP treatment
[24,30,35] In addition, information of sleep quality could be a useful tool for evaluating the
CPAP effect, beyond the AHI/REI index [35]. Also, a fraction of patients who are adherent to
CPAP therapy still experience residual EDS [5,13,14], in which case supplementary sleep data
could add useful information during follow up on treatment [35].

All participants in our study were treated and followed- up according to regular clinical
practice. We consider the population representative for OSA patients regarding the distribu-
tion of gender, age and OSA severity [3,9,27]. The fraction of patients that did not adhere to
CPAP was also on par with what we expected from previous studies [24,28]. Our study found
similar associations between sleep stage classification and OSA severity as studies involving

PLOS ONE | https://doi.org/10.1371/journal.pone.0319606 March 19, 2025 9/13




PLOS ONE

The association between OSA severity and sleep architecture using non-contact radar technology

PSG [2,9,10]. The sleep architecture in OSA seems to be more fragmented than in non-OSA,
with reduced total sleep time and time spent in N3 and REM sleep [2,9]. EDS is associated
with shorter duration of deep sleep (N3) and frequent short awakenings [9,10]. Although our
study results coincide with some of these previous studies, we found no association between
sleep scorings and self-reported EDS (ESS score) at the time of primary investigation. This
may underpin the low sensitivity of ESS in OSA investigations [3,4,9]. Using an additional
questionnaire assessing more multifaceted aspects of patient reported sleep quality could be
an interesting future addition to similar studies.

The beneficial effects from CPAP on sleep stage distribution and clinical outcomes in OSA
has previously been documented [4,5,12,36]. We did not observe improved REM sleep in this
study, although CPAP therapy improved the other sleep parameters such as total sleep time,
less sleep fragmentation, and amount of deep sleep (N3). Up until now, Somnofy has only
been validated for sleep scoring among healthy individuals. This means there could be some
uncertainty applying Somnofy in a symptomatic study population.

In a study comparing Somnofy to PSG in healthy adults, Somnofy tended to underestimate
wake after sleep onset [18]. This might explain why we discovered a significant association
between OSA and longer awakenings and not for short ones as described by others [10], as the
sensor might easier detect longer awakenings than shorter.

The study population was not selected on the basis of severity of the disease. We observed a
relatively high fraction of patients with mild OSA among the study participants. Since patients
with mild OSA were also included in the group selected for CPAP therapy, this could have
influenced the study's statistical power and ability to detect a real treatment effect. Neverthe-
less, the study population was deemed representative of patients referred to our outpatient
clinic for investigation of sleep related disorders, and we still believe our results can generalize
to a broader population.

There are also some limitations to the study device that could have introduced experi-
mental error. Movements from a pet or the patient's partner could potentially influence the
Somnofy recordings, since no components is physically attached to the patient's body and the
device does not have any other automatic identification features. To minimize a potential bias
from partners, pets or other bedroom factors, data were supervised by a technician who was
not involved in the evaluation of study results. To standardize patient assessment, all study
participants were seen by the same nurse and pulmonologist. This could in turn have intro-
duced bias due to personal or professional interest in the study. To minimize such an effect,
we followed a strict study plan. Although this means interpretation error may have occurred,
we avoided potential intra-observer variations.

Also, we observed that Somnofy seemed to interpret recordings from the patient with the
highest REI as non-sleep rather than sleep, probably due to snoring and extreme body move-
ment during sleep. These potential sources of error when Somnofy is used to classify sleep,
underpin the importance of complementary information such as from RPG or a sleep diary.

Technological development within sleep medicine is rapidly advancing, enabling improved
understanding of sleep related disorders. Numerous wearable technologies are available, includ-
ing smartwatches, mobile apps, room sensors, mattress sensors and ear EEGs that are able to
quantify sleep [19]. Similar to Somnofy, few of these technologies have been validated for clinical
use [4,19,29,37]. The Somnofy unit requires no body attachment, so it should be possible for
all patients to use it, and no electric charging, which could facilitate patient compliance. As
opposed to today's HSAT with RPG there is no need for single use components, reducing the
environmental fingerprint. A more in-depth comparison of Somnofy with other non-contact
technologies was beyond the scope of this study. However, it is important to ensure that these
technological advancements benefit patients through clinical testing, such as in the current study.
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This manuscript is the first to describe a comparison between Somnofy and RPG in
patients with symptoms sleeping in their home environment. Thus, our results are original
and contribute to the advancement of research within sleep medicine and contactless tech-
nologies. To draw definite conclusions on the role of non-contact radar technology in OSA
diagnosis and follow-up, larger clinical studies are needed. Larger studies which also enable
analyses to be carried out on subgroups, stratified by age, comorbidities, and desaturation.

Conclusion

We demonstrate that sleep classifications from a non- contact sleep monitor seem to correlate
with OSA severity and could be a valuable supplement to RPG and ESS in OSA diagnosis and
follow up on CPAP therapy. Access to these supplementary sleep measurements can contrib-
ute to more comprehensive data in HSAT, with a potential for clinical decision support.

The large volume of OSA patients calls for more streamlined and cost-effective diagnostic
methods in the future, that cause minimal patient discomfort and can be performed outpa-
tient. In OSA screening and follow up on therapy, new technology can offer a more personal-
ized approach and better understanding of a complex diagnosis.

Supporting information

S1 Dataset. Baseline all patients N47. This is the complete dataset received from the Som-
nofy, and all data from the study population analysed at the baseline of the study.
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(PDF)

Author contributions

Conceptualization: Hanne Sorger.

Formal analysis: Vigdis Fossland.

Investigation: Vigdis Fossland.

Project administration: Hanne Sorger.

Resources: Hanne Sorger.

Supervision: Hege S. Haugdahl, Hanne Sorger.

Writing - original draft: Vigdis Fossland, Hanne Sorger.

Writing - review & editing: Stale Toften, Ingrid Kathrin Hals, Hege S. Haugdahl, Ole Kristian
Thu, Hanne Sorger.

PLOS ONE | https://doi.org/10.1371/journal.pone.0319606 March 19, 2025 11/13



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319606.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319606.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319606.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319606.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0319606.s005

PLOS ONE

The association between OSA severity and sleep architecture using non-contact radar technology

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

Senaratna CV, Perret JL, Lodge CJ, Lowe AJ, Campbell BE, Matheson MC, et al. Prevalence of
obstructive sleep apnea in the general population: a systematic review. Sleep Med Rev. 2017;34:70—
81. https://doi.org/10.1016/j.smrv.2016.07.002 PMID: 27568340

Morsy NE, Farrag NS, Zaki NFW, Badawy AY, Abdelhafez SA, El-Gilany A-H, et al. Obstructive sleep
apnea: personal, societal, public health, and legal implications. Rev Environ Health. 2019;34(2):153—
69. https://doi.org/10.1515/reveh-2018-0068 PMID: 31085749

Kapur VK, Auckley DH, Chowdhuri S, Kuhimann DC, Mehra R, Ramar K, et al. Clinical practice guide-
line for diagnostic testing for adult obstructive sleep apnea: an American academy of sleep medicine
clinical practice guideline. J Clin Sleep Med. 2017;13(3):479-504. https://doi.org/10.5664/jcsm.6506
PMID: 28162150

Randerath W, Bassetti CL, Bonsignore MR, Farre R, Ferini-Strambi L, Grote L, et al. Challenges and
perspectives in obstructive sleep apnoea: report by an ad hoc working group of the Sleep Disor-
dered Breathing Group of the European Respiratory Society and the European Sleep Research
Society. Eur Respir J. 2018;52(3):1702616. https://doi.org/10.1183/13993003.02616-2017 PMID:
29853491

Bonsignore MR, Randerath W, Schiza S, Verbraecken J, Elliott MW, Riha R, et al. European
Respiratory Society statement on sleep apnoea, sleepiness and driving risk. Eur Respir J.
2021;57(2):2001272. https://doi.org/10.1183/13993003.01272-2020 PMID: 33008939

Faria A, Allen AH, Fox N, Ayas N, Laher I. The public health burden of obstructive sleep apnea. Sleep
Sci. 2021;14(3):257-65. hitps://doi.org/10.5935/1984-0063.20200111 PMID: 35186204

Jonassen TM, Bjorvatn B, Saxvig IW, Eagan TM, Lehmann S. Clinical information predicting severe
obstructive sleep apnea: a cross-sectional study of patients waiting for sleep diagnostics. Respir Med.
2022;197:106860. https://doi.org/10.1016/j.rmed.2022.106860 PMID: 35490509

Nilsen K, Aarrestad S, Eldgen G, Alme A, Bjorge T, Miljeteig H, et al. Anbefaling for bruk og tolkning
av objektive registreringer ved diagnostikk av sevnsykdommer. Norsk forening for sevnmedisin; 2018.
http://nosm.no

Basunia M, Fahmy SA, Schmidt F, Agu C, Bhattarai B, Oke V, et al. Relationship of symptoms with
sleep-stage abnormalities in obstructive sleep apnea-hypopnea syndrome. J Commun Hosp Intern
Med Perspect. 2016;6(4):32170. hitps://doi.org/10.3402/jchimp.v6.32170 PMID: 27609729

Oksenberg A, Arons E, Nasser K, Shneor O, Radwan H, Silverberg DS. Severe obstructive sleep
apnea: sleepy versus nonsleepy patients. Laryngoscope. 2010;120(3):643-8. hitps://doi.org/10.1002/
lary.20758 PMID: 19941283

Patil SP, Ayappa IA, Caples SM, Kimoff RJ, Patel SR, Harrod CG. Treatment of adult obstructive sleep
apnea with positive airway pressure: an American academy of sleep medicine clinical practice guide-
line. J Clin Sleep Med. 2019;15(2):335—43. https://doi.org/10.5664/jcsm.7640 PMID: 30736887

Labarca G, Saavedra D, Dreyse J, Jorquera J, Barbe F. Efficacy of CPAP for improvements in
sleepiness, cognition, mood, and quality of life in elderly patients with OSA: systematic review and
meta-analysis of randomized controlled trials. Chest. 2020;158(2):751-64. hitps://doi.org/10.1016/j.
chest.2020.03.049 PMID: 32289311

Rosenberg R, Schweitzer PK, Steier J, Pepin J-L. Residual excessive daytime sleepiness in patients
treated for obstructive sleep apnea: guidance for assessment, diagnosis, and management. Postgrad
Med. 2021;133(7):772-83. https://doi.org/10.1080/00325481.2021.1948305 PMID: 34292843

Craig S, Pépin J-L, Randerath W, Caussé C, Verbraecken J, Asin J, et al. Investigation and manage-
ment of residual sleepiness in CPAP-treated patients with obstructive sleep apnoea: the European
view. Eur Respir Rev. 2022;31(164):210230. https://doi.org/10.1183/16000617.0230-2021

Kang S, Kim D-K, Lee Y, Lim Y-H, Park H-K, Cho SH, et al. Non-contact diagnosis of obstructive sleep
apnea using impulse-radio ultra-wideband radar. Sci Rep. 2020;10(1):5261. https://doi.org/10.1038/
s41598-020-62061-4 PMID: 32210266

Zhao R, Xue J, Dong XS, Zhi H, Chen J, Zhao L, et al. Screening for obstructive sleep apnea using a
contact-free system compared with polysomnography. J Clin Sleep Med. 2021;17(5):1075-82. https://
doi.org/10.5664/jcsm.9138 PMID: 33576734

Boiko A, Martinez Madrid N, Seepold R. Contactless technologies, sensors, and systems for cardiac
and respiratory measurement during sleep: a systematic review. Sensors (Basel). 2023;23(11):5038.
https://doi.org/10.3390/s23115038 PMID: 37299762

Toften S, Pallesen S, Hrozanova M, Moen F, Grenli J. Validation of sleep stage classification using
non-contact radar technology and machine learning (Somnofy®). Sleep Med. 2020;75:54—61. https://
doi.org/10.1016/j.sleep.2020.02.022 PMID: 32853919

PLOS ONE | https://doi.org/10.1371/journal.pone.0319606 March 19, 2025 12/13



https://doi.org/10.1016/j.smrv.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27568340
https://doi.org/10.1515/reveh-2018-0068
http://www.ncbi.nlm.nih.gov/pubmed/31085749
https://doi.org/10.5664/jcsm.6506
http://www.ncbi.nlm.nih.gov/pubmed/28162150
https://doi.org/10.1183/13993003.02616-2017
http://www.ncbi.nlm.nih.gov/pubmed/29853491
https://doi.org/10.1183/13993003.01272-2020
http://www.ncbi.nlm.nih.gov/pubmed/33008939
https://doi.org/10.5935/1984-0063.20200111
http://www.ncbi.nlm.nih.gov/pubmed/35186204
https://doi.org/10.1016/j.rmed.2022.106860
http://www.ncbi.nlm.nih.gov/pubmed/35490509
http://nosm.no
https://doi.org/10.3402/jchimp.v6.32170
http://www.ncbi.nlm.nih.gov/pubmed/27609729
https://doi.org/10.1002/lary.20758
https://doi.org/10.1002/lary.20758
http://www.ncbi.nlm.nih.gov/pubmed/19941283
https://doi.org/10.5664/jcsm.7640
http://www.ncbi.nlm.nih.gov/pubmed/30736887
https://doi.org/10.1016/j.chest.2020.03.049
https://doi.org/10.1016/j.chest.2020.03.049
http://www.ncbi.nlm.nih.gov/pubmed/32289311
https://doi.org/10.1080/00325481.2021.1948305
http://www.ncbi.nlm.nih.gov/pubmed/34292843
https://doi.org/10.1183/16000617.0230-2021
https://doi.org/10.1038/s41598-020-62061-4
https://doi.org/10.1038/s41598-020-62061-4
http://www.ncbi.nlm.nih.gov/pubmed/32210266
https://doi.org/10.5664/jcsm.9138
https://doi.org/10.5664/jcsm.9138
http://www.ncbi.nlm.nih.gov/pubmed/33576734
https://doi.org/10.3390/s23115038
http://www.ncbi.nlm.nih.gov/pubmed/37299762
https://doi.org/10.1016/j.sleep.2020.02.022
https://doi.org/10.1016/j.sleep.2020.02.022
http://www.ncbi.nlm.nih.gov/pubmed/32853919

PLOS ONE

The association between OSA severity and sleep architecture using non-contact radar technology

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37

Cay G, Ravichandran V, Sadhu S, Zisk AH, Salisbury AL, Solanki D, et al. Recent advancement in
sleep technologies: a literature review on clinical standards, sensors, apps, and Al methods. IEEE
Access. 2022;10:104737-56. https://doi.org/10.1109/access.2022.3210518

Toften S, Kjellstadli JT, Tyvold SS, Moxness MHS. A pilot study of detecting individual sleep
apnea events using noncontact radar technology, pulse oximetry, and machine learning. J Sens.
2021;2021(1):. https://doi.org/10.1155/2021/2998202

Landzberg D, Bagai K. Prevalence of objective excessive daytime sleepiness in a cohort of patients
with mild obstructive sleep apnea. Sleep Breath. 2021;26(3):1471-7. https://doi.org/10.1007/
§11325-021-02473-2

Crook S, Sievi NA, Bloch KE, Stradling JR, Frei A, Puhan MA, et al. Minimum important difference of
the Epworth Sleepiness Scale in obstructive sleep apnoea: estimation from three randomised con-
trolled trials. Thorax. 2019;74(4):390-6. https://doi.org/10.1136/thoraxjnl-2018-211959 PMID: 30100576

Xu L, Han F, Keenan BT, Kneeland-Szanto E, Yan H, Dong X, et al. Validation of the Nox-T3
portable monitor for diagnosis of obstructive sleep apnea in Chinese adults. J Clin Sleep Med.
2017;13(5):675-83. https://doi.org/10.5664/jcsm.6582 PMID: 28356181

Sawyer AM, Gooneratne NS, Marcus CL, Ofer D, Richards KC, Weaver TE. A systematic review of
CPAP adherence across age groups: clinical and empiric insights for developing CPAP adherence
interventions. Sleep Med Rev. 2011;15(6):343-56. https://doi.org/10.1016/j.smrv.2011.01.003 PMID:
21652236

Patel S, Kon SSC, Nolan CM, Barker RE, Simonds AK, Morrell MJ, et al. The Epworth Sleepiness
Scale: minimum clinically important difference in obstructive sleep apnea. Am J Respir Crit Care Med.
2018;197(7):961-3. https://doi.org/10.1164/rccm.201704-0672LE PMID: 28961021

Guimaraes C, Martins MV, Vaz Rodrigues L, Teixeira F, Moutinho dos Santos J. Epworth Sleepiness
Scale in obstructive sleep apnea syndrome — an underestimated subjective scale. Revista Portuguesa
de Pneumologia (English Edition). 2012;18(6):267—71. https://doi.org/10.1016/j.rppnen.2012.06.005

Tveit RL, Lehmann S, Bjorvatn B. Prevalence of several somatic diseases depends on the presence
and severity of obstructive sleep apnea. PLoS One. 2018;13(2):e0192671. hitps://doi.org/10.1371/jour-
nal.pone.0192671 PMID: 29474482

Chaplin H, Ward K. How many hours per night is enough? A systematic integrative review to identify
optimal hours of CPAP therapy use for sleep apnoea. Health Sci Rev. 2022;5:100061. https://doi.
0org/10.1016/j.hsr.2022.100061

Malhotra A, Ayappa I, Ayas N, Collop N, Kirsch D, Mcardle N, et al. Metrics of sleep apnea severity:
beyond the apnea-hypopnea index. Sleep. 2021;44(7):zsab030. https://doi.org/10.1093/sleep/zsab030
PMID: 33693939

Arnardottir ES, Islind AS, Oskarsdéttir M, Olafsdéttir KA, August E, Jonasddttir L, et al. The sleep rev-
olution project: the concept and objectives. J Sleep Res. 2022;31(4):e13630. hitps://doi.org/10.1111/
jsr.13630 PMID: 35770626

Arnardottir ES, Bjornsdottir E, Olafsdottir KA, Benediktsdottir B, Gislason T. Obstructive sleep apnoea
in the general population: highly prevalent but minimal symptoms. Eur Respir J. 2016;47(1):194-202.
https://doi.org/10.1183/13993003.01148-2015 PMID: 26541533

Oksenberg A, Goizman V, Eitan E, Nasser K, Gadoth N, Leppénen T. How sleepy patients differ from
non-sleepy patients in mild obstructive sleep apnea? J Sleep Res. 2021;31(1). https://doi.org/10.1111/
jsr.13431

Punjabi NM, Patil S, Crainiceanu C, Aurora RN. Variability and misclassification of sleep apnea
severity based on multi-night testing. Chest. 2020;158(1):365—73. https://doi.org/10.1016/j.
chest.2020.01.039 PMID: 32081650

Kainulainen S, Téyrés J, Oksenberg A, Korkalainen H, Sefa S, Kulkas A, et al. Severity of desatura-
tions reflects OSA-related daytime sleepiness better than AHI. J Clin Sleep Med. 2019;15(8):1135-42.
https://doi.org/10.5664/jcsm.7806 PMID: 31482835

Brennan HL, Kirby SD. The role of artificial intelligence in the treatment of obstructive sleep apnea.
J Otolaryngol Head Neck Surg. 2023;52(1):7. https://doi.org/10.1186/s40463-023-00621-0 PMID:
36747273

Quan SF, Budhiraja R, Kushida CA. Associations between sleep quality, sleep architecture and

sleep disordered breathing and memory after continuous positive airway pressure in patients with
obstructive sleep apnea in the apnea positive pressure long-term efficacy study (APPLES). Sleep Sci.
2018;11(4):231-8. https://doi.org/10.5935/1984-0063.20180037 PMID: 30746040

Pei B, Xia M, Jiang H. Artificial intelligence in screening for obstructive sleep apnoea syndrome
(OSAS): a narrative review. J Med Artif Intell. 2023;6:1-1. hitps://doi.org/10.21037/jmai-22-79

PLOS ONE | https://doi.org/10.1371/journal.pone.0319606 March 19, 2025 13/13



https://doi.org/10.1109/access.2022.3210518
https://doi.org/10.1155/2021/2998202
https://doi.org/10.1007/s11325-021-02473-2
https://doi.org/10.1007/s11325-021-02473-2
https://doi.org/10.1136/thoraxjnl-2018-211959
http://www.ncbi.nlm.nih.gov/pubmed/30100576
https://doi.org/10.5664/jcsm.6582
http://www.ncbi.nlm.nih.gov/pubmed/28356181
https://doi.org/10.1016/j.smrv.2011.01.003
http://www.ncbi.nlm.nih.gov/pubmed/21652236
https://doi.org/10.1164/rccm.201704-0672LE
http://www.ncbi.nlm.nih.gov/pubmed/28961021
https://doi.org/10.1016/j.rppnen.2012.06.005
https://doi.org/10.1371/journal.pone.0192671
https://doi.org/10.1371/journal.pone.0192671
http://www.ncbi.nlm.nih.gov/pubmed/29474482
https://doi.org/10.1016/j.hsr.2022.100061
https://doi.org/10.1016/j.hsr.2022.100061
https://doi.org/10.1093/sleep/zsab030
http://www.ncbi.nlm.nih.gov/pubmed/33693939
https://doi.org/10.1111/jsr.13630
https://doi.org/10.1111/jsr.13630
http://www.ncbi.nlm.nih.gov/pubmed/35770626
https://doi.org/10.1183/13993003.01148-2015
http://www.ncbi.nlm.nih.gov/pubmed/26541533
https://doi.org/10.1111/jsr.13431
https://doi.org/10.1111/jsr.13431
https://doi.org/10.1016/j.chest.2020.01.039
https://doi.org/10.1016/j.chest.2020.01.039
http://www.ncbi.nlm.nih.gov/pubmed/32081650
https://doi.org/10.5664/jcsm.7806
http://www.ncbi.nlm.nih.gov/pubmed/31482835
https://doi.org/10.1186/s40463-023-00621-0
http://www.ncbi.nlm.nih.gov/pubmed/36747273
https://doi.org/10.5935/1984-0063.20180037
http://www.ncbi.nlm.nih.gov/pubmed/30746040
https://doi.org/10.21037/jmai-22-79

