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Abstract
Purpose We aim to evaluate the diagnostic performance of the SleepImage Ring device in identifying obstructive sleep apnea 
(OSA) across different severity in comparison to standard polysomnography (PSG). Methods Thirty-nine patients (mean age, 
56.8 ± 15.0 years; 29 [74.3%] males) were measured with the SleepImage Ring and PSG study simultaneously in order to 
evaluate the diagnostic performance of the SleepImage device for diagnosing OSA. Variables such as sensitivity, specificity, 
positive and negative likelihood ratio, positive and negative predictive value, and accuracy were calculated with PSG-AHI 
thresholds of 5, 15, and 30 events/h. Receiver operating characteristic curves were also built according to the above PSG-
AHI thresholds. In addition, we analyzed the correlation and agreement between the apnea-hypopnea index (AHI) obtained 
from the two measurement devices. Results There was a strong correlation (r = 0.89, P < 0.001 and high agreement in AHI 
between the SleepImage Ring and standard PSG. Also, the SleepImage Ring showed reliable diagnostic capability, with areas 
under the receiver operating characteristic curve of 1.00 (95% CI, 0.91, 1.00), 0.90 (95% CI, 0.77, 0.97), and 0.98 (95% CI, 
0.88, 1.000) for corresponding PSG-AHI of 5, 15 and 30 events/h, respectively. Conclusion The SleepImage Ring could be 
a clinically reliable and cheaper alternative to the gold standard PSG when aiming to diagnose OSA in adults.
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1 Introduction

Obstructive sleep apnea (OSA) is a clinical condition char-
acterized by repetitive collapse of the upper airway during 
sleep. Nearly 1 billion people worldwide are estimated to 
have OSA, and it is likely to increase with the ageing popu-
lation and ongoing obesity epidemic [1–3]. According to 
a recent population-based cohort study, almost half of the 
population in northeast Germany suffers from OSA [4]. 
Untreated OSA is associated with an increased likelihood 

of comorbidities, such as hypertension, heart disease, and 
stroke [5, 6]. However, only about 20% of patients have been 
diagnosed and treated, suggesting a massive diagnosis and 
treatment gap [7].

To date, overnight in-laboratory polysomnography (PSG) 
remains the gold standard for diagnosing OSA [8]; never-
theless, disadvantages such as technical complexity, labor-
intensive procedures, long waiting times, and high costs 
limit its general availability [9]. Furthermore, patients may 
find the PSG device to be uncomfortable due to the multiple 
electrodes that are required to be attached to the face, head, 
and body in an unfamiliar environment for accurate meas-
urement, which will lead to the first-night effect [10, 11]. In 
this case, multiple nights of recording are recommended, 
however, it is not practical. As a result, many portable and 
cheaper devices have been developed to address these issues.

Among varied devices, the cardiopulmonary coupling 
(CPC) technique-based portable device has been increas-
ing in interest among researchers and physicians. The 
CPC technique calculates the coherence between heart/
pulse rate variability and respiratory excursion derived 
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from a single-lead electrocardiogram (ECG) or photop-
lethysmogram (PPG) to generate distinct CPC patterns 
[12, 13]. Elevated low-frequency coupling (e-LFC) was 
discovered to be one of the characteristic patterns sub-
stantially linked with apnea and hypopnea [14]. Therefore, 
the new SleepImage Ring device uses the PPG sensor to 
collect both the Plethysmogram (PLETH) and the oxy-
gen saturation  (SpO2) signals. From here, the device can 
calculate the apnea-hypopnea index (sAHI) by combining 
the CPC parameters and hypoxic events. Al Ashry and his 
colleagues analyzed the ECG and oximetry data on PSG 
from the database of Apnea Positive Pressure Long-term 
Efficacy Study and calculated the sAHI value. They found 
there was a strong correlation between sAHI and manu-
ally scored PSG-AHI [15]. However, there are no studies 
that directly validate the diagnostic performance of the 
portable monitoring device-SleepImage Ring for diagnos-
ing adult OSA. We hypothesized the sAHI derived from 
SleepImage Ring would have a high agreement with the 
AHI of nurse-attended PSG in assessing OSA severity. 
Therefore, we aim to evaluate the diagnostic value of the 
SleepImage Ring device compared with PSG in identify-
ing OSA in adults.

2  Materials and methods

2.1  Procedure and participants

This prospective study protocol was approved by the Eth-
ics Committee of Charité University Medicine Berlin 
(EA1/093/22). Written informed consent was obtained 
from all participants.

Consecutive patients aged ≥ 18 years referred to the 
Interdisciplinary Sleep Medicine Center of Charité Uni-
versity Medicine Berlin for further assessment of sleep 
apnea between August 2022 and February 2023 were eli-
gible for this study. The exclusion criteria were as follows: 
(1) finger problems related to the inability to use SleepIm-
age Ring devices; (2) patients who do not have a mobile 
phone and/or cannot download the accompanying App; 
(3) patients with severe cognitive impairment who cannot 
understand how to use the device; (4) patients with previ-
ously diagnosed severe sleep disorders other than sleep 
apnea; (5) the SleepImage report is unavailable due to test 
failure.

Investigators interviewed patients for their demographic, 
clinical, and health behavior-related characteristics (e.g., 
age, sex, height, weight, smoking status, comorbidities, etc.) 
in a quiet setting. In addition, since some patients have been 
diagnosed with OSA by preliminary tests such as polygra-
phy, they also provided the results of their latest sleep test.

2.2  Polysomnography

All participants underwent a full-night in-laboratory 
PSG at the sleep center. The standard PSG examination 
included frontal, central, and occipital electroencepha-
logram, electrooculogram, chin electromyogram, tibialis 
anterior electromyogram, ECG, respiratory airflow (ther-
mistor and pressure transducer), thoracic-abdominal effort 
(respiratory inductance plethysmography),  SpO2, snoring, 
and body position. The recorded data were scored manu-
ally by experienced sleep technicians according to the 
American Academy of Sleep Medicine (AASM) manual 
for the Interpretation of Sleep and Related Events [11]. 
Apnea was defined as an airflow drop ≥ 90% of the pre-
event baseline for at least 10 s. Hypopnea was defined as 
when the airflow drops by ≥ 30% for at least 10 s in asso-
ciation with either ≥ 3% oxygen desaturation or arousal. 
Apnea-hypopnea index (AHI) was calculated as the aver-
age number of apnea and hypopnea events per hour of 
sleep. According to AHI, the severity of OSA was clas-
sified as follows: mild: 5 ≤ AHI < 15 events/h, moderate: 
15 ≤ AHI < 30 events/h, and severe ≥ 30 events/h.

2.3  SleepImage Ring

Patients wore the SleepImage Ring device whilst undergo-
ing the PSG study. The SleepImage Ring system comprises 
a finger-worn recorder (Fig. 1a), a SleepImage Mobile 
App with a secure cloud-based portal (Fig. 1b). The Ring 
recorder, equipped with a PPG sensor, was used to col-
lect PLETH and  SpO2 data signals, while the mobile App 
was used to data transfer. The cloud-based SleepImage 
system (MyCardio LLC, Denver, CO, USA) automatically 
analyzed the coherence and cross-spectral power of pulse 
rate variability and respiration derived from PLETH using 
the CPC technique. By combining CPC data with  SpO2 
data, the SleepImage Ring-based AHI (sAHI) is calcu-
lated. The analytical methods of the CPC technique were 
described in detail previously [12]. Also, the SleepImage 
system complies with the EU Medical Device Directive 
(CE mark 0413).

The process from monitoring to report generation 
involved the following steps: (1) place the thumb or index 
finger in the Ring recorder; (2) pair the Ring recorder with 
the SleepImage App using Bluetooth; (3) Click the play 
button on the App to start a recording before going to 
sleep; (4) press the stop button to end the study and upload 
the recording; (5) generate the sleep report automatically 
in the system. Figure 2 shows the final sleep report and 
spectrogram.
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2.4  Sample size calculation

According to our study hypothesis, we used the kappa test 
for agreement between two raters to calculate the sample 
size (PASS version 15.0). The primary endpoint is the 
presence of OSA diagnosed by PSG. According to a previ-
ous study by Seo et al. [16], a sample size of 32 subjects 
achieves 80% power with a significance level of 0.05 to 
obtain a true kappa value of 0.70.

2.5  Statistical analysis

Categorical variables are presented as frequency (percent-
age) and continuous variables as mean ± standard deviation 
or median (interquartile range), as appropriate. To evaluate 
the diagnostic performance of the SleepImage Ring device, 
we calculated the sensitivity, specificity, positive and nega-
tive predictive value, positive and negative likelihood ratio, 
accuracy, and Youden index with PSG-AHI thresholds of 
5, 15, and 30 events/h. The Youden index (sensitivity plus 
specificity minus 1) was used to determine the optimal cutoff 
values. Receiver operating characteristic (ROC) curves were 
also built according to the above PSG-AHI thresholds. In 
addition, to assess the agreement of the AHI between the 
SleepImage Ring device and PSG, we utilized paired t-tests 
and Bland-Altman analysis. Scatterplot was created to assess 
the correlation between the AHI and sAHI, and the Spear-
man correlation coefficient was calculated due to the skewed 
distribution of AHI. We used the Kendall tau-b to measure 

the concordance of OSA severity assessed by the two meth-
ods. A value of P < 0.05 was considered statistically sig-
nificant. The statistical analysis was performed using SPSS 
software (IBM SPSS Statistics, IBM Corporation). Figures 
were generated using GraphPad Prism version 9.0.

3  Results

3.1  Participants

A total of 39 participants (74.4% male) completed the 
PSG and SleepImage Ring study. Their mean age was 
56.8 ± 15.0 years (range, 27–83 years), mean body mass 
index (BMI) was 30.8.0 ± 7.2 kg/m2. The percentage of obe-
sity (BMI ≥ 30 kg/m2) was 46.2% (18/39). According to the 
PSG results, 14 patients (35.9%) had mild OSA, 6 (15.4%) 
had moderate OSA, and 17 (43.6%) had severe OSA. Their 
median (IQR) AHI and median (IQR) lowest  SpO2 were 
22.4 (13.1, 56.9) events/h and 82.0 (73.0, 86.0) %, respec-
tively. Characteristics of the participants are summarized 
in Table 1.

3.2  Correlation and agreement of AHI derived 
from two methods

There was a significantly positive correlation between the 
sAHI generated by SleepImage Ring and AHI obtained 
from PSG (Spearman correlation coefficient = 0.89, 

Fig. 1  Schematic of the Sleep-
Image Ring device. a shows 
the finger-worn recorder, and b 
shows the SleepImage Mobile 
App
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Fig. 2  SleepImage Ring produced sleep apnea report. a shows a brief sleep apnea report, and b shows the spectrogram
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P < 0.001), along with a strong linear relationship (Fig. 3). 
Also, no significant difference was observed between the 
sAHI and AHI (30.2 ± 23.0 versus 32.9 ± 26.9, P = 0.350). 
The Bland-Altman plot was used to estimate agreements 
between the sAHI and AHI (Fig. 4), reporting a mean 

difference of 2.7, and the 95% limit of agreement from 
– 19 to 24, with 94.9% (37/39) observations in the limits of 
agreement. Table 2 shows the concordance of OSA sever-
ity assessed by the SleepImage Ring and PSG. We found 

Fig. 2  (continued)
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significantly high concordance in OSA severity between 
the two methods (Kendall tau-b = 0.75, P < 0.001).

3.3  Diagnostic accuracy evaluation

Table 3 shows the sensitivity, specificity, false-positive rate, 
false-negative rate, positive predictive value, negative pre-
dictive value, positive likelihood ratio, negative likelihood 
ratio, accuracy, Cohen’s kappa, and Youden index of the 
SleepImage Ring in diagnosing OSA at the PSG-AHI thresh-
olds of 5, 15, and 30, respectively. The SleepImage Ring is 
accurate in detecting OSA (AHI ≥ 5) with 100% sensitivity 
and 100% specificity. High accuracy was also demonstrated 
at other two PSG-AHI thresholds: 79% (95% CI 67%, 92%) 
for AHI ≥ 15 and 90% (95% CI 80%, 99%) for AHI ≥ 30, 
respectively. ROC curves were conducted to evaluate the 
diagnostic ability of the SleepImage Ring (Fig. 5). When the 
AHI ≥ 5 events/h was set as the criteria to diagnose OSA, the 
area under the curve (AUC) was 1.00 (95% CI, 0.91, 1.00), 
the optimal cutoff value of sAHI was 4, the sensitivity and 
specificity were both 100%. When the AHI ≥ 15 events/h was 
set as the criteria to diagnose OSA, the AUC was 0.90 (95% 
CI 0.77, 0.97), the optimal sAHI cutoff value was 16, the 
sensitivity and specificity were 87% and 81%, respectively. 
When an AHI of ≥ 30 events/h was set as the criterion for 
diagnosing OSA, the AUC was 0.98 (95% CI, 0.88, 1.000), 
an sAHI value of 17 was optimal, yielding a sensitivity of 
100% and specificity of 86%.

3.4  Previous polygraphy results for reference

Of these 39 patients, 32 also provided the results of their 
latest polygraphy tests, and the interval between the pol-
ygraphy study and PSG was from 20 days to 18 months. 
Twelve patients had a time interval of less than 3 months. 
The Spearman correlation coefficient of AHI between polyg-
raphy and PSG was 0.57 (P < 0.001) whereas the Spearman 
correlation coefficient between the SleepImage Ring and 
PSG was 0.91 (P < 0.001) among these 32 patients. When 
the diagnostic standard was set as PSG-AHI ≥ 15 events/
hour, the AUCs of SleepImage Ring and polygraphy were 
0.938 and 0.78, respectively (Supplementary). The differ-
ence between areas was 0.15 (P = 0.08).

4  Discussion

This study indicates a high level of agreement and a sig-
nificantly positive correlation between the sAHI obtained 
from the SleepImage Ring and the AHI from in-laboratory 
PSG. Additionally, we also found that the SleepImage Ring 
had a significant sensitivity, specificity, and agreement com-
pared with PSG in both identifying the presence of OSA 
and categorizing its severity. These results suggest that the 

Table 1  Demographic characteristics of participants

Values are presented as mean ± standard deviation or median (IQR) 
for continuous variables. AHI, apnea-hypopnea index, BMI, body 
mass index,  SpO2, oxygen saturation

Variables Participants (N = 39)

Age, years 56.8 ± 15.0
Male: Female 29: 10
Height, cm 174.9 ± 8.0
Weight, kg 94.0 ± 21.2
BMI, kg/m2 30.8 ± 7.2
AHI, /h 22.4 (13.1, 56.9)
Total sleep time, min 364.8 ± 69.8
Sleep efficiency, % 84.5 (69.0, 91.6)
Lowest  SpO2 82.0 (73.0, 86.0)

Fig. 3  Scatterplot diagram showing the correlation between the sAHI 
and AHI (Spearman correlation coefficient = 0.90, P < 0.001). AHI, 
apnea -hypopnea index; sAHI, SleepImage apnea-hypopnea index

Fig. 4  Bland-Altman plot for the level of agreement between the 
sAHI and AHI. AHI, apnea -hypopnea index; sAHI, SleepImage 
apnea-hypopnea index
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SleepImage Ring could potentially be a great alternative 
diagnostic tool for OSA.

Since the CPC analysis was proposed by Thomas et al. 
in 2005, extensive clinical studies have evaluated its fea-
sibility and accuracy in identifying OSA [17–20]. One 
of the validation studies was conducted by Lu et al. [20] 

in China, they assessed one portable device based on the 
CPC technique, and suggested the overall performance 
of this device was acceptable with the AUCs being 0.79, 
0.79, and 0.86 across different OSA severity (mild, moder-
ate, and severe). However, the device they used extracted 
signals from a single-lead ECG and generated AHI using 

Table 2  Concordance of OSA 
severity measured by two 
methods

Same severity = 71.8%. Kendall tau-b = 0.75 (P < 0.001). OSA, obstructive sleep apnea

OSA severity by polysomnography

AHI < 5 5 ≤ AHI < 15 15 ≤ AHI < 30 AHI ≥ 30 Total

OSA
Severity by SleepImage Ring

AHI < 5 2 0 0 0 2
AHI 5-<15 0 9 3 0 12
AHI 15-<30 0 4 2 2 8
AHI ≥ 30 0 1 1 15 17
Total 2 14 6 17 39

Table 3  Diagnostic 
Performance of the Sleepimage 
Ring with polysomnography 
(N = 39)

NPV, Negative predictive value; PPV, Positive predictive value; LR+, Positive likelihood ratio; LR-, Nega-
tive likelihood ratio

Variable Values (95% CI)

AHI ≥ 5 (N = 37) AHI ≥ 15 (N = 23) AHI ≥ 30 (N = 17)

Sensitivity 1.00 (1.00, 1.00) 0.87 (0.73, 1.00) 0.88 (0.73, 1.00)
Specificity 1.00 (1.00, 1.00) 0.69 (0.46, 0.91) 0.91 (0.79, 1.00)
False-positive rate 0.00 (0.00, 0.00) 0.31 (0.09, 0.54) 0.09 (0.00, 0.21)
False-negative rate 0.00 (0.00, 0.00) 0.13 (0.00, 0.27) 0.12 (0.00, 0.27)
Positive likelihood ratio NA 2.78 (1.32, 5.85) 9.71 (2.56, 36.80)
Negative likelihood ratio NA 0.19 (0.06, 0.57) 0.13 (0.03, 0.48)
Positive predictive value 1.00 (1.00, 1.00) 0.80 (0.64, 0.96) 0.88 (0.73, 1.00)
Negative predictive value 1.00 (1.00, 1.00) 0.79 (0.57, 1.00) 0.91 (0.79, 1.00)
Accuracy 1.00 (1.00, 1.00) 0.79 (0.67, 0.92) 0.90 (0.80, 0.99)
Youden index 1.00 (1.00, 1.00) 0.56 (0.29, 0.82) 0.79 (0.60, 0.99)
Optimal cut-off value 4 16 17

Fig. 5  ROC curve of diagnostic accuracy of the SleepImage Ring 
compared with standard polysomnography. a ROC curve for OSA 
diagnosis using AHI ≥ 5 events/h as the threshold; b ROC curve for 
OSA using AHI ≥ 15 events/h as the threshold; c ROC curve for OSA 

using AHI ≥ 30 events/h as the threshold. AHI, apnea -hypopnea 
index; sAHI, SleepImage apnea-hypopnea index; OSA, obstructive 
sleep apnea; ROC, receiver operating characteristic



350 Biomedical Engineering Letters (2023) 13:343–352

1 3

the e-LFC pattern. There are two subsets in the e-LFC 
spectrum: narrow-band (an indicator of periodicity) and 
broad-band (an indicator of fragmentation) e-LFC spectra. 
Other causes of sleep fragmentation (e.g., fibromyalgia, 
depression) can produce similar patterns and thus may 
affect the accuracy of the AHI [21, 22]. To reduce the 
aforementioned limitations, a new AHI calculation method 
that combines  SpO2 fluctuations with CPC data was pro-
posed. Al Ashry et al. [15] analyzed ECG and pulse-oxi-
meter tracings on PSG from a prospective clinical trial and 
generated the derived-AHI using the SleepImage system. 
The derived-AHI was validated to be comparable with the 
manual scoring AHI of PSG and approved by FDA both 
in adults and children [15, 23]. The SleepImage Ring, a 
new generation portable sleep monitoring device, could 
compute an AHI based on CPC-oximetry output from a 
PPG sensor and offer clinical users access to raw data, 
however, it has yet to be validated in a clinical context. To 
our knowledge, this is the first study to evaluate the diag-
nostic performance of the SleepImage Ring in identifying 
OSA and categorizing its severity.

In this study, we found a strong correlation and high 
agreement between the sAHI and the manually scored 
PSG-AHI, which is in line with the results of the technol-
ogy validation study and furtherly affirms the feasibility of 
the SleepImage Ring in assessing OSA. We observed from 
the Bland-Altman plot that there is a significant difference 
between the AHI and sAHI in two patients (96.5 events/hour 
vs. 59.0 events/hour and 88.3 events/hour vs. 53.0 events/
hour, respectively). Fortunately, all values indicated severe 
OSA, so this difference has a relatively minimal impact on 
clinical diagnosis and subsequent treatment. Regarding the 
performance testing, although both sensitivity and specific-
ity of the SleepImage Ring are 100% in diagnosing OSA 
(AHI ≥ 5), only 2 patients had an AHI of less than 5 in the 
current study. Therefore, the false positive rate needs to be 
interpreted with caution. In other words, it is difficult to 
achieve the conclusion that this portable device can accu-
rately rule out non-OSA patients. When we set AHI ≥ 15 
events/h as criteria, the sensitivity, and specificity of the 
SleepImage Ring were 87% and 69%, respectively. The cor-
responding false-positive rate and false-negative rate were 
somewhat high with a total of 8 subjects categorized incor-
rectly. We, therefore, compared the AHI values obtained by 
the two methods of these eight patients and observed that the 
absolute difference (sAHI, AHI) between the two measures 
was within 0.18–3.4 events/hour in 4 of these patients. In 
addition, we found the optimal cutoff value of the SleepIm-
age Ring in detecting patients with moderate-severe OSA is 
16, with unchanged sensitivity (87%) and increased speci-
ficity (81%). The SleepImage Ring had a relatively high 
sensitivity (88%), specificity (91%), and accuracy (90%) in 
diagnosing severe OSA.

We also performed a comparison of ROC curves for the 
SleepImage Ring and polygraphy, both with PSG-AHI ≥ 15 
events/h as the classification variable. It appears that the 
SleepImgae Ring has better diagnostic performance than 
polygraphy, although the differences between regions are 
insignificant. Considering that the time interval between 
polygraphy and PSG testing is relatively large, where the 
time interval exceeds 3 months in the vast majority (62.5%) 
of patients, the results of the comparison are merely for 
reference.

Recently, there is a growing abundance of wearable sleep-
tracking devices. Relative to PSG and level 3 polygraphs, 
these consumer sleep trackers are easy-to-use, inexpensive, 
and low-burden. Among them, WatchPAT is a wrist-worn 
wearable device that utilizes the peripheral arterial signal for 
OSA diagnosis [24]. However, it is a single-use product, so 
it cannot be used once again. In comparison to other PPG-
based ring devices, the SleepImage Ring showed commend-
able overall performance: Circul Ring (87% sensitivity, 83% 
specificity, and 0.929 AUC with PSG-AHI ≥ 5 events/hour as 
threshold) [25], Belun Ring (95% sensitivity, 29% specific-
ity, and 0.934 AUC with PSG-AHI ≥ 5 events/hour as thresh-
old)[26], Morpheus Ox (80% sensitivity, 86% specificity, 
and 0.909 AUC with PSG-AHI ≥ 5 events/hour as threshold) 
[27]. SLEEPON Go2Sleep Ring can also monitor the sever-
ity of OSA; however, no validation study has been found yet. 
Another very well-known sleep-tracking ring in the Western 
world is the Oura Ring. Note that Oura Ring is not qualified 
for the medical diagnosis of sleep apnea. In contrast, the 
SleepImage Ring enables patients to record multiple nights 
of sleep in a natural sleep environment with high accuracy, 
thereby optimizing the management of sleep apnea.

This study has several limitations. First, the sample size 
is relatively small, especially the sample with an AHI of 
less than 5 events/h. As such, the clinical question regard-
ing whether the SleepImage Ring can accurately rule out 
non-OSA patient needs to be explored in a larger popula-
tion. Second, this study is limited by selection bias. All par-
ticipants were recruited from the ward of the hospital sleep 
center. While most of the patients who came to the ward for 
PSG examination had already been screened for OSA using 
level 3 portable monitoring devices in the outpatient and 
wanted to seek further diagnosis and treatment. Third, we 
did not validate the performance of the SleepImage Ring in 
the home context where it is meant to be utilized. Fourth, the 
first-night effect of PSG may disturb sleep and affect signal 
quality. Finally, the failure rate of the SleepImage Ring test 
in the current study is relatively high. The likely reason is 
that most of our participants are elderly patients and may 
not be very good at using smartphones. We propose to add 
the option of data uploads for consumers, such as transfer-
ring data using data cables, which may effectively ensure 
data records.
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5  Conclusions

In summary, the sAHI obtained from the SleepImage Ring 
had a high agreement with AHI from in-laboratory PSG in 
assessing the presence and severity of OSA. Therefore, the 
SleepImage Ring has the potential to be a clinically reliable 
tool and cheaper alternative to the gold standard PSG when 
aiming to diagnose OSA in adults.
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