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Abstract
Purpose  Due to the lack of an objective population-based screening tool for obstructive sleep apnea (OSA), a large number 
of patients with potential OSA have not been identified in the general population. Our study compared an objective wear-
able sleep monitoring device with polysomnography (PSG) to provide a reference for OSA screening in a large population.
Methods  Using a self-control method, patients admitted to our sleep center from July 2020 to March 2021 were selected 
for overnight PSG and wearable intelligent sleep monitor (WISM) at the same time. The sensitivity and specificity of the 
device for the diagnosis of OSA were evaluated.
Results  A total of 196 participants (mean age: 45.1 ± 12.3 years [18–80 years]; 168 men [86%]) completed both PSG and 
WISM monitoring. Using an apnea–hypopnea index (AHI) ≥ 5 events/h as the diagnostic criterion, the sensitivity, specificity, 
kappa value, and area under the receiver operating characteristic curve of the WISM for OSA diagnosis were 93%, 77%, 0.6, 
and 0.95, respectively. Using an AHI ≥ 15 events/h as the diagnostic criterion for moderate-to-severe OSA, these values were 
92%, 89%, 0.8, and 0.95, respectively. The mean difference in the AHI between PSG and the artificial intelligence oxygen 
desaturation index from the WISM was 6.8 events/h (95% confidence interval: − 13.1 to 26.7).
Conclusion  Compared with the PSG, WISM exhibits good sensitivity and specificity for the diagnosis of OSA. This small, 
simple, and easy-to-use device is more suitable for OSA screening in a large population because of its single-step applica-
tion procedure.
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Introduction

Obstructive sleep apnea (OSA) is a common chronic sleep-
related breathing disorder [1]. Patients with untreated OSA 
are at significantly increased risk of cardiovascular disease, 
stroke, cognitive dysfunction, and cancer [2–5], and their 
all-cause mortality is three times higher than that of the 
general population [6]. The number of patients with OSA 
worldwide has been reported to exceed 936 million, and this 

number has reached 176 million in China [7]. The Wiscon-
sin Sleep Cohort Study investigated 4925 individuals aged 
30–60 years. The study showed that individuals with mild 
(98% women and 90% men) and moderate and severe (93% 
women and 82% men) OSA were never diagnosed for this 
disease [8]. Similarly, the Sleep Heart Health Study showed 
that up to 91.7% of patients with suspected OSA with fre-
quent snoring and sleepiness were undiagnosed [9]. These 
data indicate that OSA is a disease that is poorly under-
stood by the public, and a large number of potential patients 
with OSA remain undiagnosed and untreated in a timely 
manner. Large clinical intervention trials have shown that 
continuous positive airway pressure (CPAP) therapy cannot 
prevent secondary cardiovascular events [10]. Hence, early 
diagnosis may be an effective way to prevent OSA-related 
complications and reduce morbidity and mortality.

The main diagnostic devices for OSA include polysom-
nography (PSG) and the type III portable monitor (PM). 
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PSG is the “gold standard” for diagnosing OSA and grading 
its severity. A type III PM, which is based on the PSG, sim-
plifies the monitoring channels and only contains three sig-
nals for respiratory airflow, chest and abdominal movement, 
and blood oxygen.  PM can be used to diagnose patients with 
moderate-to-severe OSA without comorbidities [11, 12]. 
These objective devices are all existing diagnostic methods 
for OSA, and all have high requirements for equipment as 
well as professional and technical personnel. These devices 
are also expensive and relatively inefficient, making them 
unsuitable for screening patients in a large sample of the 
population. Screening for OSA in the population mainly 
relies on various surveys/questionnaires [13]. However, the 
scales also require the participation of several professional 
and technical personnel and are time consuming. The results 
are also prone to subjective influence by the participants and 
researchers.

With the continuous development of monitoring technol-
ogy, wearable sleep respiratory monitoring is more widely 
used [14]. One study used a finger pulse oximeter to diag-
nose patients with mild or greater and moderate to severe 
OSA; it showed the sensitivity and specificity of 80 and 70% 
and 86 and 91%, respectively. The diagnostic performance 
was not satisfactory, and we found that using the pulse oxy-
gen clip for a long time caused finger discomfort during 
clinical practice [15]. Manoni et al. integrated photoplethys-
mography, accelerometer, microcontroller, and bluetooth 
transmission into a device that is required to be worn on 
the bridge of the nose, and hence, is prone to causing dis-
comfort. This device was tested under laboratory conditions 
with a small sample size, and the feasibility and accuracy of 
screening for OSA in the population have not been verified 
[16]. Behar et al. and Al-Mardini et al. developed a smart 
phone-based device to screen for OSA. Although the device 
is a low-cost screening method, it requires wearing arm 
bands, microphones, and pulse oximeter [17, 18]. Wearing 
of the devices with external wires involves multiple steps 
that affect sleep. Further, older and less-educated individuals 
unfamiliar with electronics and medical devices face difficul-
ties using them, and hence, such devices are not suitable for 
screening a large population. Therefore, an objective moni-
toring device that is small, lightweight, highly sensitive, less 
time-consuming, and can be used to screen hundreds of peo-
ple every day remains to be developed. The wearable intel-
ligent sleep monitor (WISM) is a portable device that can 
continuously monitor human oxygen saturation, heart rate, 
and body movement signals and analyzes oxygen desatura-
tion index (ODI) using its own artificial intelligence (AI) 
algorithm. It is a compact device, has no external wires, and 
involves just one step to paste on the palm. The low difficulty 
of application can ensure the success rate of wearing and 
the integrity and validity of data collection. In this study, 

we evaluated the sensitivity and specificity of the WISM in 
diagnosing OSA.

Methods

Participants

The study was conducted in accordance with the tenets of 
the Declaration of Helsinki. Ethical approval for this study 
was obtained from the ethics committee of Guangdong Pro-
vincial People’s Hospital (No. GDREC2020221H(R1)).

The participants included patients with snoring as the 
main symptom who visited the sleep center at the Guang-
dong Provincial People’s Hospital, Guangzhou, China 
from July 2020 to March 2021. Participants of both sexes 
aged ≥ 18 years were included. The exclusion criteria were 
as follows: pregnancy; depression, anxiety, and other psy-
chiatric illnesses and serious underlying diseases such as 
acute exacerbation of chronic obstructive pulmonary dis-
ease, acute myocardial infarction, unstable angina pectoris, 
congestive heart failure, and active infection.

Collection of medical histories, symptoms, and signs

After obtaining informed consent and before conducting 
sleep monitoring, physicians at the sleep center privately 
collected basic demographic information (including sex, 
age, height, weight, and comorbidities) from partici-
pants in a quiet environment. The body mass index (BMI) 
(BMI = weight [kg] / height2 [m2]) was calculated for each 
participant. Participants also completed an assessment of 
sleep health based on OSA-related clinical symptoms.

PSG and OSA diagnosis

Patients underwent an overnight PSG and WISM session at 
the sleep center simultaneously, conducted by experienced 
technicians, starting at 23:00 and ending at 6:00 the next 
day. The patients did not take a nap on the day of monitoring 
and did not drink tea, coffee, alcohol, or other beverages that 
would have interfered with their sleep. The scalp electrode 
was applied by an experienced technician in accordance with 
international standards [19]. The Alice 6 polysomnography 
(Philips Respironics Inc., USA) and Condi polysomnogra-
phy (Grael PSG, Compumedics, Singen, Germany) appara-
tuses were used for OSA diagnosis. Nasal and oral airflow 
(nasal airflow pressure sensor, nasal and oral airflow ther-
mal sensor), chest and abdominal movements, percutane-
ous oxygen saturation, snoring, body position, electroen-
cephalogram recordings (F3, F4, C3, C4, O1, O2, M1, M2), 
mandibular electromyogram recordings, electrooculogram 
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recordings, and data on other physiological indicators were 
obtained.

The results were interpreted manually by physicians 
trained in sleep medicine, in accordance with the Ameri-
can Academy of Sleep Medicine (AASM)  standards on the 
Interpretation of Sleep and Related Events [11]. Apnea was 
defined as a ≥ 90% drop in nasal and oral airflow from the 
baseline and a continuous event of ≥ 10 s, with or without 
thoracic and abdominal respiratory movements. Hypopnea 
was defined as a decline in nasal and oral airflow of ≥ 30% 
from the baseline with a continuous event of ≥ 10 s, accom-
panied by a decrease in oxygen saturation of ≥ 3% or an 
event with arousal. The apnea–hypopnea index (AHI) was 
defined as the sum of the average number of apnea and 
hypopnea episodes per hour during sleep. The ODI obtained 
from the PSG was defined as the number of times oxygen 
saturation decreases by ≥ 3%/h during sleep. According to 
the PSG monitoring results, OSA was diagnosed using AHI 
of ≥ 5 and ≥ 15 events/h as thresholds. On the morning of the 
second day after monitoring, the patients were also required 
to complete a post-sleep monitoring questionnaire that col-
lected information on the time to fall asleep, sleep at night, 
wake-up time, and abnormal conditions during the monitor-
ing process.

WISM use and analysis

The WISM (CloudCare Healthcare Ltd., Chengdu, China) is 
a portable sleep-monitoring device that monitors the blood 
oxygen saturation signal using a photoelectric reflex sensor 
(Supplementary Fig. S1). The original data were stored in 
a specific database. Based on the physical activity signals, 
level of pseudo-recognition, and automatic analysis of the AI 
software, the effective length and blood oxygen downtimes 
were monitored, and a report was subsequently generated. 
The monitoring sites were the palmar thenar major mus-
cles. Veins, scars, spots, and locations with thick hair were 
avoided.

The main monitoring indices included the ODI, average 
oxygen saturation (AvSaO2) and lowest oxygen saturation 
(LSaO2), and percentage of sleep time spent with oxygen 
saturation below 90% (CT90%). The ODI obtained using the 
WISM was defined as a decrease in blood oxygen saturation 
of ≥ 3% or ≥ 4%. The AI algorithm automatically matched 
the degree of risk and selected ODI3% or ODI4%. The ODI 
referred to the total number of drops in oxygen saturation 
divided by the effective monitoring time.

Statistical analysis

Data were analyzed using SPSS 23.0 software (IBM 
SPSS 23.0, Armonk, NY, USA). Continuous variables 
are presented as means ± standard deviations (for normal 

distributions) or medians and interquartile ranges (for non-
normal distributions). The sensitivity, specificity, posi-
tive predictive value, and negative predictive value of the 
WISM were calculated using the AHI and ODI thresholds 
of ≥ 5 and ≥ 15 events/h obtained from the PSG, and the 
consistency of the two methods was tested using the kappa 
value. The correlation between the ODI, obtained from 
the WISM, and the AHI and ODI, obtained from the PSG, 
was analyzed by the Pearson correlation. The consistency 
of the WISM and PSG results was determined using the 
Bland–Altman method. The best cutoff WISM values for 
OSA diagnosis were determined by examining the area 
under the receiver operating characteristic (ROC) curve.

Results

Participants’ characteristics

A total of 196 participants completed the PSG and used the 
WISM. Of them, 168 patients were men (86%), 28 were 
women (14%), and the average age was 45.1 ± 12.3 years 
(18–80 years). The average BMI was 26.3 ± 3.7 kg/m2. A 
total of 26% of the patients had obesity (BMI of ≥ 28 kg/
m2). According to the PSG results, 39 patients (20%) had 
mild OSA, and 135 (69%) had moderate-to-severe OSA 
(Table 1).

Table 1   Characteristics of the study participants

BMI body mass index, OSA obstructive sleep apnea, REM rapid eye 
movement

Characteristics n = 196

Age in years 45.1 ± 12.3
Sex (n, %)

  Men 168 (86)
  Women 28 (14)
  Height (m) 1.7 ± 0.1
  Weight (kg) 76.4 ± 14.0
  BMI (kg/m2) 26.3 ± 3.7

Sleep stages, %
  N1 13.0 ± 11.2
  N2 57.3 ± 14.3
  N3 14.4 ± 11.2
  REM 15.3 ± 7.8

Severity of OSA (%)
  Non-OSA 22 (11)
  Mild OSA 39 (0)
  Moderate-to-severe OSA 135 (69)
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Sensitivity and specificity of WISM in diagnosing 
OSA

Table 2 shows the sensitivity, specificity, positive predic-
tive value, negative predictive value, positive likelihood 
ratio, negative likelihood ratio, and accuracy of the WISM 
in diagnosing OSA at the AHI ≥ 5, ≥ 15 and ODI ≥ 5, ≥ 15 
thresholds when compared with the PSG. The sensitivity 
was high when the AHI was ≥ 5 events/h (sensitivity = 93%, 
specificity = 77%), and both sensitivity and specificity were 
high when the AHI was ≥ 15 events/h (sensitivity = 92%, 
specificity = 89%). The sensitivity, specificity, and accu-
racy values for the WISM among patients with obesity who 
had OSA (BMI of ≥ 28 kg/m2) were 98%, 100%, and 98%, 
respectively, as shown in Table 2.

ROC curve for OSA diagnosis using the WISM cutoff 
values

When an AHI of ≥ 5 events/h was used as the criterion for 
diagnosing OSA, the area under the ROC curve was 0.95 
(P < 0.001, 95% confidence interval [CI] = 0.910–0.983), 
the best cutoff value was 7, the sensitivity was 86%, and 
the specificity was 91%. When an AHI of ≥ 15 events/h was 
used as the criterion for diagnosing OSA, the area under the 
ROC curve was 0.95 (P < 0.001, 95% CI = 0.922–0.979), the 
best cutoff value was 12, the sensitivity was 93%, and the 
specificity was 88% (Fig. 1).

AHI and WISM ODI conformance analysis

The kappa coefficients of the ODI from the WISM at dif-
ferent thresholds are shown in Table 2. The ODI had a 
strong correlation with the AHI and ODI from the PSG 
(R2 = 0.843, R2 = 0.845) (Fig. 2; Supplementary Fig. S2). 

The Bland–Altman curves for the ODI from the WISM and 
AHI from the PSG are shown in Fig. 3; 93% (182/196) of the 
scatter points lie within the 95% limits of agreement (LOA). 
The Bland–Altman curves for the ODIs from the WISM and 
PSG are shown in Supplementary Figure S3, where 96% 
(188/196) of the scatter points lie the 95% LOA.

Discussion

The results of this study showed that there was a strong cor-
relation and consistency between the ODI obtained from 
the WISM and the AHI and ODI obtained from the stand-
ard PSG, suggesting that as a screening device, the WISM 
showed good diagnostic performance. Our results support 
the use of a highly accurate and convenient monitoring tool 
to screen for OSA in a large population, allowing a large 
number of potential patients with OSA to be diagnosed and 
treated in a timely manner.

In our study, with the AHI ≥ 5 and PSG ODI ≥ 5 as the 
diagnostic threshold, the sensitivity was high, but the speci-
ficity was slightly lower, which may be related to the small 
sample size of the patients who did not have OSA (22/196, 
27/196). In contrast, with the AHI ≥ 15 and PSG ODI ≥ 15 
as the diagnostic threshold, high sensitivity and good speci-
ficity were observed. For all of these threshold, the areas 
under the ROC curve (AUC) were ≥ 0.9; compared with the 
sensitivity, specificity, and AUC of the single-channel moni-
tors in previous studies [20], the device has strong diagnostic 
value to screen for OSA with corresponding thresholds. In 
particular, with the AHI ≥ 15 threshold showing a high posi-
tive likelihood ratio and a low negative likelihood ratio, the 
best cutoff value for diagnosing moderate-to-severe OSA 
was 12, with a sensitivity and specificity of 93% and 88%, 
respectively. This result is consistent with the ODI defined 

Table 2   Performance metrics of the wearable intelligent sleep monitor at apnea–hypopnea index and oxygen desaturation index thresholds of ≥ 5 
and ≥ 15 events/h

PPV positive predictive value, NPV negative predictive value, p-LHR positive likelihood ratio, n-LHR negative likelihood ratio, AHI apnea–
hypopnea index, ODI oxygen desaturation index

Screening threshold Participants 
above the thresh-
old

Sensi-
tivity 
(%)

Specificity (%) PPV (%) NPV (%) p-LHR n-LHR Accuracy (%) κ AUC​

AHI ≥ 5 events/h 174 93 77 97 59 4.1 0.1 91 0.6 0.95
AHI ≥ 15 events/h 135 92 89 95 83 8.0 0.1 91 0.8 0.95
ODI ≥ 5 events/h 169 93 67 95 62 2.8 0.1 90 0.6 0.94
ODI ≥ 15 events/h 132 94 89 95 88 8.6 0.1 92 0.8 0.97
Patients with obesity

  AHI ≥ 5 events/h 56 98 100 100 67 0.0 98 0.8 1
  AHI ≥ 15 events/h 51 92 100 100 64 0.1 93 0.7 0.95
  ODI ≥ 5 events/h 54 98 50 96 67 2.0 0.0 95 0.5 0.99
  ODI ≥ 15 events/h 50 94 100 100 73 0.1 95 0.8 1
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for the moderate-to-severe OSA in a large-scale interven-
tional study by McEvoy et al. [10]. When comparing the 
ODI obtained from the WISM to that of the PSG, the sen-
sitivity of WISM, at the PSG ODI ≥ 5 and ≥ 15, were 93% 

and 94%. These were higher than the sensitivity of AHI 
at the corresponding thresholds. When the ODI was ≥ 15, 
the AUC reached 0.97, indicating that some patients’ ODI 
obtained from the WISM underestimated the AHI. This may 
be related to the definition of apnea and hypopnea; apnea 
may not be accompanied by a decrease in oxygen saturation, 
while hypopnea is a condition that shows decreased oxygen 
saturation or microarousal [11]. Therefore, patients with a 
negative diagnosis of WISM but OSA symptoms should be 
tested using the PSG. The specificity of WISM when PSG 
ODI ≥ 5 was lower as compared to when PSG AHI ≥ 5. This 
may be due to the small sample size of patients who did not 
have OSA, and can be further studied in a large population.

The WISM ODI < 7 was used as the threshold to screen 
for patients without OSA, and only two cases (0.1%) were 
misclassified. Among the 45 WISM-diagnosed patients 
with mild OSA, one remained undiagnosed, while four had 
moderate and non-severe OSA according to the AASM OSA 
diagnostic criteria [11]; among the 132 WISM-diagnosed 
patients with moderate and severe OSA, one remained undi-
agnosed, while six showed mild OSA. This indicates low 
false-positive and misdiagnosis rates of the WISM, high-
lighting its capability to exclude patients without OSA, 
which can help to avoid economic loss, psychological stress, 
and unnecessary use of medical and healthcare resources 
caused. The WISM calculates the ODI using effective moni-
toring time instead of sleep time as the denominator, and 
hence, may underestimate the condition of OSA. PSG and 
follow-up should be performed for patients with OSA and 
insomnia. Patients with obesity are an important subgroup 
of patients with OSA, and the pathophysiology of OSA in 
patients with obesity differs from that in the general popula-
tion [21]. We also observed that the sensitivity and accuracy 
of the WISM among the obese patients were high, with good 
consistency.

A recent study showed that the sensitivity/specificity 
(AUC) of using wearable wrist worn monitor to estimate 
apnea in patients with mild, moderate, and severe OSA 
were 77/72% (0.84), 62/91% (0.86), and 46/98% (0.85), 
respectively. The diagnostic performance of the devices 
was moderate, with slightly lower kappa values than that 
of the WISM [22]. Nigro et al. used blood oxygen satura-
tion and airflow of the dual-channel portable monitors to 
evaluate suspected OSA and found that manual analysis 
was superior to the autoscoring set up by the device (AUC 
0.923 vs. 0.87) [23]. However, this device has airflow lead, 
which is not simple enough and requires manual scoring to 
achieve the better diagnostic ability; it is not suitable for 
screening a large sample population. Electrocardiogram 
signal is closely related to respiration, and has been used 
to diagnose OSA [24]. The work conducted by Arikawa 
et al. have used more convenient mobile wearable heart 
rate sensors and R-R intervals (RRI) to analyze and predict 

a

b

Fig. 1   ROC curves for OSA diagnosis using the WISM. a ROC 
curve for OSA diagnosis using the WISM at an AHI threshold of ≥ 5 
events/h. b ROC curve for OSA diagnosis using the WISM at an 
AHI threshold of ≥ 15 events/h. OSA obstructive sleep apnea, ROC 
receiver-operating characteristic, WISM wearable intelligent sleep 
monitor, AHI apnea–hypopnea index
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OSA risk [25]. However, the diagnostic test is on a small 
sample of people, and the performance is not clear. The 
WISM directly monitors blood oxygen saturation, and the 
AI algorithm analyzes the ODI. It is small and sometimes 
easy to lose, but with good accuracy. It has no external 
lead and no sense of wearing, which can improve the par-
ticipation rate of people with a high risk of OSA and make 
it possible to screen for OSA in a community or a large 
sample population.

This study had limitations. All of the participants were 
patients attending a sleep center, and did not represent the 
general population. Furthermore, the device does not dis-
tinguish between obstructive apnea and central apnea due 
to the absence of airflow and thermal leads. The device 
is also unable to monitor sleep time. Therefore, further 
research and development of such devices are needed in 
the future.

Fig. 2   Linear correlation analysis of ODI and AHI (R2 = 0.843, P < 0.001). ODI oxygen desaturation index, AHI apnea–hypopnea index, PSG 
polysomnography

Fig. 3   Bland–Altman consistency test results for the ODI calculated 
from the WISM and the AHI calculated from the PSG. The mean dif-
ference between the ODI from the WISM and AHI from the PSG was 

6.8 (consistency limit: − 13.1–26.7 [N = 196)]. ODI oxygen desatu-
ration index, AHI apnea–hypopnea index, PSG polysomnography, 
WISM wearable intelligent sleep monitor
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In conclusion, at present, many patients with potential 
OSA remain unidentified, and OSA screening in the gen-
eral population mainly relies on responses to question-
naires. Thus, there is a need for an objective device that is 
small, lightweight, less time-consuming, and capable of 
screening hundreds of people a day. Compared with PSG, 
WISM exhibits good sensitivity and specificity, and the 
operation of the device requires only a single step. Our 
findings suggest that this device may aid in objective, rapid 
screening of large numbers of patients. 
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tary material available at https://​doi.​org/​10.​1007/​s11325-​022-​02599-x.

Acknowledgements  We gratefully thank the Sleep Center, Guangdong 
Provincial People’s Hospital (Guangdong Academy of Medical Sci-
ences) for the assistance in this work.

Author contribution  All authors contributed to the study conception 
and design. Material preparation was performed by Qiong Ou, Yilu 
Cheng, Miaochan Lao, and Guo Pei. Data collection and analysis were 
performed by Yanxia Xu. The first draft of the manuscript was written 
by Yanxia Xu, and all authors commented on previous versions of the 
manuscript. All authors read and approved the final manuscript.

Funding  This research was funded by the general program of National 
Natural Science Foundation of China (81870077, 82170098).

Data availability  The detailed participant data are available from the 
corresponding author upon reasonable request.

Declarations 

Ethics approval  The study was conducted in accordance with the ten-
ets of the Declaration of Helsinki. Ethical approval for this study was 
obtained from the ethics committee of Guangdong Provincial People’s 
Hospital (No. GDREC2020221H(R1)).

Consent to participate  Participants signed ethics committee-approved 
consent forms prior to participation.

Consent for publication  Not applicable.

Conflict of interest  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Senaratna CV, Perret JL, Lodge CJ, Lowe AJ, Campbell BE, 
Matheson MC, Hamilton GS, Dharmage SC (2017) Prevalence 
of obstructive sleep apnea in the general population: a systematic 
review. Sleep Med Rev 34:70–81. https://​doi.​org/​10.​1016/j.​smrv.​
2016.​07.​002

	 2.	 Ralls F, Cutchen L (2019) A contemporary review of obstructive 
sleep apnea. Curr Opin Pulm Med 25:578–593. https://​doi.​org/​10.​
1097/​MCP.​00000​00000​000623

	 3.	 Lamberts M, Nielsen OW, Lip GY, Ruwald MH, Christiansen 
CB, Kristensen SL, Torp-Pedersen C, Hansen ML, Gislason GH 
(2014) Cardiovascular risk in patients with sleep apnoea with or 
without continuous positive airway pressure therapy: follow-up 
of 4.5 million Danish adults. J Intern Med 276:659–666. https://​
doi.​org/​10.​1111/​joim.​12302

	 4.	 Gami AS, Olson EJ, Shen WK, Wright RS, Ballman KV, Hodge 
DO, Herges RM, Howard DE, Somers VK (2013) Obstructive 
sleep apnea and the risk of sudden cardiac death: a longitudinal 
study of 10,701 adults. J Am Coll Cardiol 62:610–616. https://​doi.​
org/​10.​1016/j.​jacc.​2013.​04.​080

	 5.	 Palamaner Subash Shantha G, Kumar AA, Cheskin LJ, Pancholy 
SB (2015) Association between sleep-disordered breathing, 
obstructive sleep apnea, and cancer incidence: a systematic review 
and meta-analysis. Sleep Med 16:1289–1294. https://​doi.​org/​10.​
1016/j.​sleep.​2015.​04.​014

	 6.	 Young T, Finn L, Peppard PE, Szklo-Coxe M, Austin D, Nieto FJ, 
Stubbs R, Hla KM (2008) Sleep disordered breathing and mortal-
ity: eighteen-year follow-up of the Wisconsin sleep cohort. Sleep 
31:1071–1078. https://​doi.​org/​10.​5665/​sleep/​31.8.​1071

	 7.	 Benjafield AV, Ayas NT, Eastwood PR, Heinzer R, Ip MSM, Mor-
rell MJ, Nunez CM, Patel SR, Penzel T, Pépin JL, Peppard PE, 
Sinha S, Tufik S, Valentine K, Malhotra A (2019) Estimation of 
the global prevalence and burden of obstructive sleep apnoea: a 
literature-based analysis. Lancet Respir Med 7:687–698. https://​
doi.​org/​10.​1016/​S2213-​2600(19)​30198-5

	 8.	 Young T, Evans L, Finn L, Palta M (1997) Estimation of the clini-
cally diagnosed proportion of sleep apnea syndrome in middle-
aged men and women. Sleep 20:705–706. https://​doi.​org/​10.​1093/​
sleep/​20.9.​705

	 9.	 Kapur V, Strohl KP, Redline S, Iber C, O’Connor G, Nieto J (2002) 
Underdiagnosis of sleep apnea syndrome in U.S. Communities. 
Sleep Breath 6:49–54. https://​doi.​org/​10.​1007/​s11325-​002-​0049-5

	10.	 McEvoy RD, Antic NA, Heeley E, Luo Y, Ou Q, Zhang X, Medi-
ano O, Chen R, Drager LF, Liu Z, Chen G, Du B, McArdle N, 
Mukherjee S, Tripathi M, Billot L, Li Q, Lorenzi-Filho G, Barbe 
F, Redline S, Wang J, Arima H, Neal B, White DP, Grunstein RR, 
Zhong N, Anderson CS, SAVE Investigators and Coordinators 
(2016) CPAP for prevention of cardiovascular events in obstruc-
tive sleep apnea. N Engl J Med 375:919–931. https://​doi.​org/​10.​
1056/​NEJMo​a1606​599

	11.	 Kapur VK, Auckley DH, Chowdhuri S, Kuhlmann DC, Mehra 
R, Ramar K, Harrod CG (2017) Clinical practice guideline for 
diagnostic testing for adult obstructive sleep apnea: an American 
Academy of Sleep Medicine clinical practice guideline. J Clin 
Sleep Med 13:479–504. https://​doi.​org/​10.​5664/​jcsm.​6506

	12.	 Behar JA, Palmius N, Zacharie S, Chocron A, Penzel T, Bitten-
court L, Tufik S (2020) Single-channel oximetry monitor versus 
in-lab polysomnography oximetry analysis: does it make a dif-
ference? Physiol Meas 41:044007. https://​doi.​org/​10.​1088/​1361-​
6579/​ab8856

	13.	 Chiu HY, Chen PY, Chuang LP, Chen NH, Tu YK, Hsieh YJ, 
Wang YC, Guilleminault C (2017) Diagnostic accuracy of the 
Berlin questionnaire, STOP-BANG, STOP, and Epworth Sleepi-
ness Scale in detecting obstructive sleep apnea: a bivariate 

211Sleep and Breathing (2023) 27:205–212

https://doi.org/10.1007/s11325-022-02599-x
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.smrv.2016.07.002
https://doi.org/10.1016/j.smrv.2016.07.002
https://doi.org/10.1097/MCP.0000000000000623
https://doi.org/10.1097/MCP.0000000000000623
https://doi.org/10.1111/joim.12302
https://doi.org/10.1111/joim.12302
https://doi.org/10.1016/j.jacc.2013.04.080
https://doi.org/10.1016/j.jacc.2013.04.080
https://doi.org/10.1016/j.sleep.2015.04.014
https://doi.org/10.1016/j.sleep.2015.04.014
https://doi.org/10.5665/sleep/31.8.1071
https://doi.org/10.1016/S2213-2600(19)30198-5
https://doi.org/10.1016/S2213-2600(19)30198-5
https://doi.org/10.1093/sleep/20.9.705
https://doi.org/10.1093/sleep/20.9.705
https://doi.org/10.1007/s11325-002-0049-5
https://doi.org/10.1056/NEJMoa1606599
https://doi.org/10.1056/NEJMoa1606599
https://doi.org/10.5664/jcsm.6506
https://doi.org/10.1088/1361-6579/ab8856
https://doi.org/10.1088/1361-6579/ab8856


1 3

meta-analysis. Sleep Med Rev 36:57–70. https://​doi.​org/​10.​1016/j.​
smrv.​2016.​10.​004

	14.	 Kwon S, Kim H, Yeo WH (2021) Recent advances in wearable 
sensors and portable electronics for sleep monitoring. iScience 
24:102461. https://​doi.​org/​10.​1016/j.​isci.​2021.​102461

	15.	 Romem A, Romem A, Koldobskiy D, Scharf SM (2014) Diag-
nosis of obstructive sleep apnea using pulse oximeter derived 
photoplethysmographic signals. J Clin Sleep Med 10:285–290. 
https://​doi.​org/​10.​5664/​jcsm.​3530

	16.	 Manoni A, Loreti F, Radicioni V, Pellegrino D, Della Torre L, 
Gumiero A, Halicki D, Palange P, Irrera F (2020) A new wearable 
system for home sleep apnea testing, screening, and classification. 
Sensors (Basel) 20.https://​doi.​org/​10.​3390/​s2024​7014

	17.	 Behar J, Roebuck A, Shahid M, Daly J, Hallack A, Palmius N, 
Stradling J, Clifford GD (2015) Sleepap: an automated obstruc-
tive sleep apnoea screening application for smartphones. IEEE J 
Biomed Health Inform 19:325–331. https://​doi.​org/​10.​1109/​JBHI.​
2014.​23079​13

	18.	 Al-Mardini M, Aloul F, Sagahyroon A, Al-Husseini L (2014) 
Classifying obstructive sleep apnea using smartphones. J Biomed 
Inform 52:251–259. https://​doi.​org/​10.​1016/j.​jbi.​2014.​07.​004

	19.	 Berry RB, Brooks R, Gamaldo C, Harding SM, Lloyd RM, Mar-
cus CL, Vaughn BV (2016) For the American academy of sleep 
medicine. In: The AASM Manual for the Scoring of Sleep and 
Associated Events: Rules, Terminology and Technical Speci-
fications (Version 2.3). American Academy of Sleep Medi-
cine, Darien, IL

	20.	 Abrahamyan L, Sahakyan Y, Chung S, Pechlivanoglou P, Bielecki 
J, Carcone SM, Rac VE, Fitzpatrick M, Krahn M (2018) Diag-
nostic accuracy of level IV portable sleep monitors versus poly-
somnography for obstructive sleep apnea: a systematic review 
and meta-analysis. Sleep Breath 22(3):593–611. https://​doi.​org/​
10.​1007/​s11325-​017-​1615-1

	21.	 Isono S (2012) Obesity and obstructive sleep apnoea: mecha-
nisms for increased collapsibility of the passive pharyngeal air-
way. Respirology 17:32–42. https://​doi.​org/​10.​1111/j.​1440-​1843.​
2011.​02093.x

	22.	 Papini GB, Fonseca P, van Gilst MM, Bergmans JWM, Vullings 
R, Overeem S (2020) Wearable monitoring of sleep-disordered 
breathing: estimation of the apnea-hypopnea index using wrist-
worn reflective photoplethysmography. Sci Rep 10:13512. https://​
doi.​org/​10.​1038/​s41598-​020-​69935-7

	23.	 Nigro CA, Dibur E, Malnis S, Grandval S, Nogueira F (2013) 
Validation of ApneaLink Ox™ for the diagnosis of obstructive 
sleep apnea. Sleep Breath 17:259–266. https://​doi.​org/​10.​1007/​
s11325-​012-​0684-4

	24.	 Magnusdottir S, Hilmisson H (2018) Ambulatory screening tool 
for sleep apnea: analyzing a single-lead electrocardiogram sig-
nal (ECG). Sleep Breath 22:421–429. https://​doi.​org/​10.​1007/​
s11325-​017-​1566-6

	25.	 Arikawa T, Nakajima T, Yazawa H, Kaneda H, Haruyama A, Obi 
S, Amano H, Sakuma M, Toyoda S, Abe S, Tsutsumi T, Matsui 
T, Nakata A, Shinozaki R, Miyamoto M, Inoue T (2020) Clini-
cal usefulness of new R-R interval analysis using the wearable 
heart rate sensor WHS-1 to identify obstructive sleep apnea: OSA 
and RRI analysis using a wearable heartbeat sensor. J Clin Med 
9.https://​doi.​org/​10.​3390/​jcm91​03359

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

212 Sleep and Breathing (2023) 27:205–212

https://doi.org/10.1016/j.smrv.2016.10.004
https://doi.org/10.1016/j.smrv.2016.10.004
https://doi.org/10.1016/j.isci.2021.102461
https://doi.org/10.5664/jcsm.3530
https://doi.org/10.3390/s20247014
https://doi.org/10.1109/JBHI.2014.2307913
https://doi.org/10.1109/JBHI.2014.2307913
https://doi.org/10.1016/j.jbi.2014.07.004
https://doi.org/10.1007/s11325-017-1615-1
https://doi.org/10.1007/s11325-017-1615-1
https://doi.org/10.1111/j.1440-1843.2011.02093.x
https://doi.org/10.1111/j.1440-1843.2011.02093.x
https://doi.org/10.1038/s41598-020-69935-7
https://doi.org/10.1038/s41598-020-69935-7
https://doi.org/10.1007/s11325-012-0684-4
https://doi.org/10.1007/s11325-012-0684-4
https://doi.org/10.1007/s11325-017-1566-6
https://doi.org/10.1007/s11325-017-1566-6
https://doi.org/10.3390/jcm9103359

	Comparative study of a wearable intelligent sleep monitor and polysomnography monitor for the diagnosis of obstructive sleep apnea
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Participants
	Collection of medical histories, symptoms, and signs
	PSG and OSA diagnosis
	WISM use and analysis
	Statistical analysis

	Results
	Participants’ characteristics
	Sensitivity and specificity of WISM in diagnosing OSA
	ROC curve for OSA diagnosis using the WISM cutoff values
	AHI and WISM ODI conformance analysis

	Discussion
	Acknowledgements 
	References


