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Study Objectives: A major limitation of the conventional obstructive sleep apnea (OSA) testing methods is their reliance on single-
night study, which may exhibit misdiagnosis or severity miscategorization because of night-to-night variability. Although novel 
wearables facilitate multinight monitoring, the optimal nights required for enhancing OSA diagnostic performance remains uncertain. 
This study explores how the Belun Ring (BR) multinight capability can attenuate night-to-night variability in individuals with no or 
mild OSA.  
Methods: Participants from a university orthodontic clinic underwent multinight BR testing. Apnea-hypopnea index-4% (AHI4%) and 
oxygen desaturation index-3% (ODI3%) were recorded. Multi-night averages of all available nights served as the reference standards. 
Diagnostic performance was assessed using F1 score, area under the receiver operating characteristic curve, and concordance correlation 
coefficient. Bootstrapping simulations were conducted for N-night AHI4% and ODI3% diagnostic reliability. 
Results: Twenty-eight patients (mean age 33.4 years, 75% female, body mass index 24.6) completed ≥3 nights of BR testing with ≥60 
min/night total sleep time. A 2-night AHI4% average achieved a F1 score of 0.90 and area under the receiver operating characteristic 
curve of 0.93, with performance gains plateauing on the third night. Agreement analysis showed strong concordance (concordance 
correlation coefficient) 0.95 for AHI4%, 0.96 for ODI3% with 2-night testing. Bootstrapping simulation confirmed that BR testing for 
3 nights reduces night-to-night variability and enhances diagnostic reliability. 
Conclusions: Compared to single-night sleep testing, BR for 3 nights can reduce night-to-night variability in individuals with no or mild 
OSA. 
Clinical Implications: Multi-night wearable testing can mitigate the effect of night-to-night variability, thereby improving the reliability 
of OSA diagnosis. 
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(ODI), wearable, sleep technology, night-to-night variability, dental sleep medicine 
Citation: Tsai CW, Palomo JM, Link B, et al. Using a Wearable’s Multi-Night Capability to Mitigate Night-to-Night Variability in a 
Dental Clinic Cohort. J Dent Sleep Med. 2026;13(1) 

 

 
INTRODUCTION 

 
Obstructive sleep apnea (OSA) is highly pervasive 

across different populations, with its prevalence varying 
based on demographic and clinical characteristics in the 
general population. OSA, defined by an apnea-hypopnea 
index (AHI) ≥5 events/h, affects approximately 9% to 38% 
of adults.1 The prevalence increases with age, reaching up 
to 90% in elderly men and 78% in elderly women.2 The 
Wisconsin Sleep Cohort reported that 7.6% of women and 
15.6% of men aged 30 to 60 years had mild OSA (PSG-
AHI 5–15 events/h).3 A follow-up study using the same 
criteria found that 21.4% of adults aged 30 to 70 years had 
mild OSA.4 Although the long-term neurocognitive and 
cardiovascular effects of mild OSA remain uncertain, 
emerging evidence suggests that treatment may at least 
benefit symptomatic individuals by improving daytime 
function and overall quality of life.5 

The conventional OSA diagnostic approaches 
typically rely on single-night testing, utilizing either in-

laboratory polysomnography (PSG) or home sleep apnea 
testing (HSAT).6–8 However, the reliability of single-night 
sleep apnea assessments has been increasingly questioned 
due to significant night-to-night variability in AHI, which 
may lead to OSA severity misclassification or 
misdiagnosis.9–11 This variability is influenced by multiple 
factors, including night-to-night variation of body or head 
position, REM percentage, nonanatomic OSA endotypes 
(for example, arousal threshold, loop gain and upper 
airway muscle responsiveness), nasal resistance, 
medications (particularly benzodiazepines and opioids), 
alcohol consumption, and behavioral factors such as 
physical activity or caffeine consumption.12–18 Variability 
in the amount of time spent in REM versus NREM sleep is 
known to affect AHI.19 Positional influences are well 
documented, with increased supine sleep and head flexion 
associated with higher AHI, whereas head rotation and 
lateral head positioning appear to reduce OSA severity.16,20 
Additionally, clinical factors, including overnight rostral 
fluid shift in patients with heart failure, sleep 
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fragmentation, and coexisting insomnia, may also 
contribute to increased AHI variability.14,15,21–23 

Both the in-laboratory PSG and flow-based HSAT 
have demonstrated night-to-night variability.9,10,24-26 
Studies using in-laboratory PSG have reported weak 
correlations in AHI across consecutive nights, with 10% to 
60% of participants exhibiting fluctuations of ≥5 or ≥10 
events/h and 20% to 40% shifting between OSA severity 
categories.10,24–25 Similarly, a large-scale study involving 
10,340 adults undergoing 3 nights of type 3 flow-based 
HSAT demonstrated that 20% of those with mild or 
moderate OSA on the first night were misdiagnosed or 
misclassified in severity when compared to the 3-night 
composite AHI.26 Another study assessing night-to-night 
variability using a peripheral arterial tonometry-based 
device over 3 consecutive nights identified substantial 
variability, with AHI fluctuating by more than 10 events/h 
between the nights in 35% of participants.20 
Misclassification of OSA severity was noted in 24% of 
patients when a single-night AHI was compared to the 
average AHI. In addition, a meta-analysis encompassing 24 
studies with 3,250 participants using PSG, respiratory 
polygraphy, or a validated HSAT device (including pulse 
oximetry) found that although the mean AHI difference 
between the first and second night was small (-1.7 
events/h) at the group level, there is a remarkable 
intraindividual variability of respiratory parameters 
leading to high rates of missed OSA diagnosis and severity 
category changes from night to night. Notably, up to 41% 
of individuals exhibited AHI variations exceeding 10 
events/h in either direction, with nearly half shifting OSA 
severity categories at least once in sequential sleep studies. 
Furthermore, up to 12% of patients would have been 
missed with a single-night sleep study, depending on the 
AHI cutoff used.9 These findings underscore the 
importance of multi-night home sleep testing for enhancing 
diagnostic reliability. 

Since 2019, the US Food and Drug Administration 
(FDA) has cleared 12 wearable devices or software as a 
medical device (SaMD) for OSA diagnosis.27,28 In 
comparison with conventional flow-based HSATs that 
remain relatively “user-unfriendly" for multinight 
applications, novel sleep technologies generally offer 
greater ease of use, minimal setup requirements, automated 
signal processing and scoring, and a more streamlined user 
experience, which collectively facilitate multi-night data 
acquisition and longitudinal monitoring. This capability is 
particularly valuable for assessing the efficacy of various 
non-CPAP therapeutic modalities, including oral appliance 
therapy (OAT), nasal expiratory positive airway pressure 
(EPAP), negative intraoral pressure devices, or hypoglossal 
nerve stimulators.29,30 Although carrying great potential in 
clinical practice, the AHI night-to-night variability in these 
novel OSA diagnostic tools has not been extensively 
investigated.  

The Belun Sleep System BLS-100, also known as 

Belun Ring (BR) (Belun Technology Company Limited, 
Hong Kong), is a medical-grade, photoplethysmography 
(PPG)-based, deep learning (DL)-powered OSA-detecting 
wearable (K222579).31 Its core hardware, the Belun Ring 
sensor, is an FDA-cleared reflectance pulse oximeter 
(K211407).32 The BR system uses advanced convolutional 
neural networks and transformer-based recurrent neural 
networks algorithms to detect respiratory events and 
classify sleep stages, and its diagnostic performance has 
been rigorously evaluated in a recent study.33 It was 
hypothesized that multi-night home testing using the BR 
device can mitigate the effect of night-to-night variability, 
thereby improving the reliability of OSA diagnosis. This 
study aims to investigate the AHI night-to-night variability 
measured by the BR and to evaluate how its multi-night 
testing capability can mitigate night-to-night variability in 
a cohort consisting of individuals with no OSA and mild 
OSA.  

METHODS 
 

Participants Recruitment 
 

Adults aged 18 to 75 years were recruited from the 
Case Western Reserve University Orthodontics Clinic. 
Eligible participants were those currently receiving 
orthodontic treatment at the clinic, willing to provide 
informed consent, and able to complete the study protocol, 
including the return of the BR after multiple nights of 
testing. Individuals taking blood pressure medications or 
those who were pregnant or attempting to conceive were 
excluded from the study.  

 
Multi-Night HSAT Using the BR 

 
Participants were instructed to wear the BR on their 

nondominant index finger for up to 10 nights. The BR 
offers the AHI based on 4% oxygen desaturation (AHI4%, 
events/h), oxygen disturbance index based on 3% 
desaturation (oxygen desaturation index (ODI)3%, 
events/h), saturation of peripheral oxygen (SpO2) data, 
pulse rate, motion, total sleep time, sleep efficiency (%), 
sleep stages, REM sleep (%), wake count, sleep onset 
latency (minutes), wake after sleep onset (minutes), and 
extensive time- and frequency-domain pulse rate 
variability metrics.33,34  

 
Statistical Analysis 

 
Continuous variables were summarized as means with 

standard deviation (SD). Fisher exact test was used to 
compare sex distribution between the no OSA and mild 
OSA groups, whereas Mann-Whitney U rank tests assessed 
differences in age, body mass index, total sleep time, REM, 
AHI4%, and ODI3%. The mean values of multi-night sleep 
parameters (total sleep time, sleep efficiency, REM, wake 
count, sleep onset latency, wake after sleep onset, AHI4%, 
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and ODI3%) across all available nights for each participant 
were calculated as reference standards. Differences 
between the first night and reference values were analyzed 
using paired t-tests, or the Wilcoxon signed-rank test if data 
were not normally distributed. 

To evaluate multi-night testing performance, 
sensitivity, specificity, Cohen kappa coefficient, F1 score, 
and area under the receiver operating characteristic curve 
(AUC-ROC) for the N-night averaged AHI4% versus 
reference standard AHI4% (i.e, mean AHI4% across all 
available nights) were computed. Agreement between the 
N-night average and the reference AHI4% and ODI3% was 
assessed using the concordance correlation coefficient 
(CCC), and the Bland-Altman plots for AHI4% and 
ODI3% were generated to visualize individual differences 
between these values. 

To date, research evaluating the night-to-night 
variability of novel OSA-detecting sleep technologies 
remains limited, with no standardized methodology or 
universally accepted metric thresholds established to assess 
the optimization of multi-night testing performance. A 
recent study has employed bootstrapping techniques to 
randomly resample selected nights within a defined period 
to capture within-subject night-to-night variability.35 To 
account for sample size limitations and quantify night-to-
night variability, similar bootstrapping simulations were 
used, generating 1,000 resampled trials for each N-night 
average of AHI4% or ODI3%. In each trial, AHI4% and/or 
ODI3% values were randomly sampled for each participant 
to create a distribution of performance metrics (Figure S1). 
To assess the effect of excluding participants with fewer 
recorded nights on the stability of AHI4% performance and 
agreement metrics, a sensitivity analysis was conducted to 
validate the robustness of the bootstrapping results. 

The study protocol was approved by the Case Western 
Reserve University Institutional Review Board 
(STUDY20221147) and registered at ClinicalTrials.org 
(NCT06900530).  

RESULTS 
 

Baseline Information 
 

Figure 1 shows the CONSORT flow diagram of this 
study. Of the 51 participants originally recruited, 17 
individuals (33%) were nonadherent to the protocol and did 
not follow through and use BR, and 1 participant wore the 
device incorrectly, resulting in unusable data. Among the 
remaining 33 participants who attempted testing, 2 wore 
the device for only 1 night, and 1 participant wore it for 2 
nights. Thirty participants had at least 3 nights of recorded 
sleep, each with a minimum technically valid total sleep 
time of 60 minutes. The 60-minute TST threshold was set 
arbitrarily as a minimal inclusion criterion to retain nights 
with the least analyzable sleep data (Table S1–S3). Two 
participants with moderate-to-severe OSA were excluded. 
The final analysis included 28 participants with no or mild 

OSA (7 males and 21 females), with their baseline 
characteristics summarized in Table 1.  

The median age (interquartile range, IQR) of the 
cohort was 28 years (25.0–34.3). Based on AHI4% values 
from the reference standard, 14 participants (50%) were 
classified as having no OSA, and mild OSA was diagnosed 
in an additional 14. No significant differences in sex ratio, 
age, or body mass index were observed between the no 
OSA and mild OSA groups. The mean (SD) AHI4% was 
3.6 (0.6) in the no OSA group and 8.5 (2.6) in the mild OSA 
group. Comparisons between the first night and the 
reference values showed no significant differences in sleep 
parameters, including AHI4% and ODI3% (Table 2).  

 
Multi-Night Performance Based on Actual Cohort 
Data 

 
The study findings indicate that 11% of participants 

(3/28) fluctuated between normal and mild OSA categories 
across nights. On the first night, BR AHI4% achieved a 
sensitivity of 0.93, a specificity of 0.71, an F1 score of 0.84, 
and an AUC-ROC of 0.86 (Table 3). The 2-night AHI4% 
average increased sensitivity to 1.00, and specificity to 
0.79, with corresponding improvements in F1 score to 0.90 
and AUC-ROC to 0.93 (Table 3). Performance gains 
plateaued on the third night, with an F1 score of 0.90 and 
an AUC-ROC of 0.96, indicating no substantial further 
improvement (Table 3).  

Agreement analysis showed a CCC of 0.71 for 
AHI4% and 0.89 for ODI3% on the first night (Table 4 and 
Figure 2). With 2-night data, CCC improved to 0.89 for 
AHI4% and 0.96 for ODI3%, whereas the 3-night average 
further increased CCC to 0.96 for AHI4% and 0.98 for 
ODI3%, after which performance remained stable (Table 
4). 

 
Multi-Night Performance Based on 
Bootstrapping Simulation Data 

 
In the simulation analysis, the F1 score, AUC-ROC, 

and CCC were prioritized as key metrics for performance 
evaluation and agreement, because they exhibited stability 
in bootstrapped distributions. In contrast, sensitivity, 
specificity, and Cohen kappa coefficient were excluded 
from bootstrapping-based analyses because of their 
tendency to produce multimodal distributions, likely 
influenced by the small dataset36 (Figure S2). The 
bootstrapping simulations (N=1,000) confirmed the trends 
observed in the actual data. Although a single-night test 
yielded an F1 score of 0.85, 4 nights were required to 
approximate an F1 score of 0.90. Two-night AHI4% 
average was sufficient to reach an AUC-ROC of 0.95 and 
a CCC of 0.90, whereas 3-night AHI4% average further 
increased AUC-ROC to 0.96 and CCC to 0.93 (Table 3). 
Increasing the number of nights reduced AHI4% 
variability, as reflected by narrower simulated distributions 
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and lower interquartile range (IQR). For instance, the IQR 
of AUC-ROC declined from 0.0692 for a single-night test 
to 0.0474 (1.5-fold reduction) for 3-night data (Figure 3). 
Similarly, the IQR of CCC decreased from 0.0789 to 
0.0363 (2.1-fold reduction) over the same period (Figure 
4). A comparable trend was observed for ODI3%, with the 
IQR of CCC decreasing from 0.0709 to 0.0357 (2.0-fold 
reduction). Beyond 3 nights, the distributions converged, 
with most cases consistently meeting or exceeding the 0.90 

threshold, indicating improved stability and reliability in  
diagnostic performance (Figure 4). Additionally, 
sensitivity analysis, restricted to participants with at least 7 
nights of data, yielded similar findings (F1 score=0.89, 
AUC-ROC=0.96, CCC=0.91 for AHI4% and CCC=0.96 
for ODI3% on the third night), confirming that 
performance metrics remained stable from the third night 
onward (Table S4). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Table 1. Overview of Patient Characteristics 
 

Parameter  Apnea Severity Based on Average AHI4% P  

 All No OSA Mild  

Patient (%) 28 (100%) 14 (50%) 14 (50%) - 
Sex (%) 
    Male 
    Female 

 
7 (25%) 
21 (75%) 

 
3 (11%) 
11 (39%) 

 
4 (14%) 
10 (36%) 

 
1.00a 

Age (year) 28.0 (25.0–34.3) 32.5 (25.8–35.0) 27.5 (24.3–30.3) 0.12b 

BMI (kg/m2) 24.6 (21.1–26.2) 25.5 (23.1–26.8) 22.7 (20.3–25.5) 0.11b 

Tested Nights  7.0 (6.0–7.0) 7.0 (6.0–7.0) 7.0 (6.0–7.8) 0.75b 

AHI4% (events/h) 6.1 (3.1) 3.6 (0.6) 8.5 (2.6) - 
AHI4%, Belun Ring Apnea-Hypopnea Index based on 4%; BMI, Body Mass Index;  
No OSA, AHI < 5; Mild OSA, AHI 5 to < 15  
Number of patients (%) for sex.  
Median (interquartile range) for age, BMI, tested nights 
Mean (standard deviation) for AHI4% 
a Fisher exact test compares frequencies in sex between No OSA and Mild OSA groups. 
b Mann-Whitney U rank test compares means of age, BMI, and tested nights between No OSA and Mild OSA groups. 
 

Figure 1. 
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Table 2. Overview of Sleep Parameters of the First Night Versus the Averaged Reference 
 

Parameter No OSA (N=14) Mild OSA (N=14) 

 First Night Reference P First Night Reference P 

TST (min) 347.8 (102.6) 350.4 (68.3) 0.90 309.4 (82.4) 331.0 (75.9) 0.15 

SE (%) 89.4 (7.3) 90.3 (5.0) 0.68 92.2 (5.4) 91.3 (3.7) 0.27# 

REM (%) 23.0 (10.5) 21.0 (7.6) 0.23 23.1 (7.3) 22.3 (5.8) 0.51 

Wakefulness 
(count) 13.9 (8.1) 12.9 (6.6) 0.77 10.4 (5.7) 11.4 (4.3) 0.40 

SOL (min) 6.6 (6.5) 10.2 (7.6) 0.15 5.6 (6.3) 7.8 (5.9) 0.27 

WASO (min) 35.6 (37.3) 25.5 (15.5) 0.71# 19.4 (20.2) 20.7 (10.3) 0.33# 

AHI4% 
(events/h) 4.5 (2.9) 3.6 (0.6) 0.42# 8.2 (2.6) 8.5 (2.6) 0.59 

ODI3% 
(events/h) 4.8 (4.1) 3.7 (1.4) 0.81# 15.2 (10.5) 15.6 (7.8) 0.79 

AHI4%, Belun Ring Apnea-Hypopnea Index based on 4%; ODI3%, oxygen desaturation index based on 3%; REM, rapid eye movement sleep; SE, 
sleep efficiency; SOL, sleep onset latency; TST, total sleep time; WASO, wake after sleep onset 
No OSA, AHI < 5; Mild OSA, AHI 5 to < 15  
Mean (standard deviation) for TST, SE, REM, Wakefulness, SOL, WASO, AHI4%, and ODI3% 
P values are calculated with a paired t-test except for P values marked with #, which are calculated with the Wilcoxon signed-rank test. 
 

Table 3. Diagnostic Performance Metrics of N-Night Averaged AHI4% Versus the Reference AHI4% at Cutoff of 5 
events/h 
 

Actual/ 
simulation N-Night Sensitivity Specificity Cohen Kappa F1 Score 

Area Under 
the Receiver 

Operating 
Characteristic 

Curve 
Actual 
Cohort 
Data 

1-Night 
(N=28) 0.93 0.71  0.64  0.84  0.86  

2-Night 
(N=28) 1.00  0.79  0.79  0.90  0.93  

3-Night 
(N=26) 0.93  0.83 0.77  0.90  0.96  

4-Night 
(N=25) 1.00  0.83  0.84  0.93  0.97  

5-Night 
(N=22) 1.00  0.82  0.82  0.92  0.97  

6-Night 
(N=17) 1.00  0.88  0.88  0.95  0.99  

1,000 
Simulated 
Trials 

1-Night 
(N=28) 0.84  0.87  0.71  0.85  0.93 

2-Night 
(N=28) 0.86  0.90  0.75  0.87  0.95 

3-Night 
(N=26) 0.87  0.89  0.75  0.88  0.96 

4-Night 
(N=25) 0.88  0.91  0.78  0.89  0.97 

5-Night 
(N=22) 0.86  0.92  0.77  0.88  0.97 

6-Night 
(N=17) 0.93  0.91  0.91  0.91  0.98 

 



Journal of Dental Sleep Medicine Vol. 13, No. 1 2026 
 

Using a Wearable’s Multi-Night Capability to Mitigate Night-to-Night Variability in a Dental Clinic Cohort 
- Tsai et al.  

 

  Table 4. Concordance Correlation Coefficient for Agreement between N-Night Averaged AHI4% versus Reference 
AHI4% and N-Night Averaged ODI3% versus Reference ODI3% 
 

Actual/Simulation N Night AHI4% ODI3% 
Actual Cohort Data 1-Night (N=28) 0.71 0.89 

2-Night (N=28) 0.89 0.96 

3-Night (N=26) 0.96 0.98 

4-Night (N=25) 0.99 0.99 

5-Night (N=22) 0.99 1.00 

6-Night (N=17) 1.00 1.00 

1,000 Simulated Trials 1-Night (N=28) 0.82 0.88 

2-Night (N=28) 0.90 0.92 

3-Night (N=26) 0.93 0.94 

4-Night (N=25) 0.94 0.96 

5-Night (N=22) 0.94 0.98 

6-Night (N=17) 0.95 0.98 

 

Figure 2. Bland-Altman and correlation plots illustrating agreement between N-night averaged and reference AHI4% 
(A) and between N-night averaged ODI3% and reference ODI3% (B). 
Dashed lines in the Bland-Altman plots indicate the mean bias and the upper and lower limits of agreement (LoA, 
defined as ±1.96 standard deviation from the mean difference). Dashed lines in the correlation plots between N-Night 
averaged AHI4%/ODI3% and reference AHI4%/ODI3% represent perfect agreement. The numbers within the panels 
represent the concordance correlation coefficient (CCC) in correlation and bias and LoA in Bland-Altman plots. 
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Figure 3. Distribution of F1 Score, area under the receiver operating characteristic curve (AUC-ROC), and 
percentage of simulations for AHI4% across N-night averages. 
The plots display the distribution of F1 Score, AUC-ROC, and concordance correlation coefficient (CCC) values for 
AHI4% and CCC values for ODI3% from 1,000 simulated trials comparing N-night averaged with reference values. 
The solid vertical lines represent the interquartile range (25th to 75th percentile). The accompanying graphs show 
the percentage of 1,000 simulated trials corresponding to values across N-night data. 
 

 

Figure 4. Distribution of concordance correlation coefficient (CCC) and percentage of simulations for AHI4% and 
ODI3% Across N-night Averages. 
The plots display the distribution of CCC values for AHI4% and ODI3% from 1,000 simulated trials comparing N-
night averaged with reference values. The solid vertical lines represent the interquartile range (25th to 75th 
percentile). The accompanying graphs show the percentage of 1,000 simulated trials corresponding to values across 
N-night data. 
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DISCUSSION 
 

Overall Summary 
 

This study is the first to assess AHI night-to-night 
variability up to 10 nights using a novel PPG-based 
wearable in a dental clinic population with no or mild OSA. 
BR night-to-night variability improved with multi-night 
recordings, with a 2-night AHI4% average yielding higher 
sensitivity, F1 score, and AUC-ROC. Performance gains 
plateaued on the third night, suggesting diminishing returns 
with additional nights of testing. Agreement analysis 
demonstrated a significant increase of CCC to 0.96 for 
AHI4% and 0.98 for ODI3% with 3-night testing. 
Bootstrapping simulations further supported these 
findings, showing that although 2 nights of BR recording 
substantially improved classification reliability, a plateau 
in performance gain was observed by the third night, 
suggesting that 3 nights are optimal for mitigating the 
effect of night-to-night variability in individuals with no to 
mild OSA. 

 
Using the Multi-Night Capability of Novel Sleep 
Technologies to Mitigate the Effect of Night-to-
Night Variability  

 
Despite the rapid evolution of the landscape in OSA 

diagnostics, the extent of AHI night-to-night variability 
measured by the novel medical-grade sleep technologies 
remains largely unexplored. Investigating this variability is 
crucial for understanding the optimal use of these emerging 
tools in real-world scenarios. A recent large-scale study 
utilizing the Withings Sleep Analyzer (Withings, Issy-les-
Moulineaux, France), an under-the-mattress device, 
revealed that a single-night assessment resulted in a 
misdiagnosis rate of 20% in the overall sample and almost 
50% in cases of mild to moderate OSA.37,38 Unlike BR, 
which directly measures PPG and SpO2, the Withings 
Sleep Analyzer employs ballistocardiography to derive 
respiratory movement, lacking SpO2 data input.39 

Although the absence of SpO2 data can potentially 
undermine the device’s performance, extending the 
monitoring period to 14 nights has been shown to 
substantially reduce the false-negative rate from 17% 
(single-night recording) to 2%, thereby minimizing the 
effect of night-to-night variability.37 Leveraging an F1 
score threshold of 0.90, Lechat et al. proposed a minimum 
of 7 nights of monitoring with Withings Sleep Analyzer for 
reliable OSA classification.37   

Another novel sleep technology that has been 
investigated for night-to-night variability is the non-PPG-
based Sunrise wearable (Sunrise, Belgium), which 
quantifies mandibular movement using accelerometry and 
gyroscope sensors to derive AHI.19,40 A recent study 
involving participants who completed a 3-night home sleep 
recording demonstrated that relying on a single-night 

recording led to overtreatment and undertreatment rates of 
13.5% and 6.0%, respectively, compared with the 3-night 
average.19 The study authors concluded that 3 nights of 
assessment using Sunrise can reduce potential OSA 
misdiagnosis and severity misclassification.19 

 

Strengths and Limitations 
 

 The current study possesses several notable 
strengths. It represents the first study using a PPG-based 
wearable to investigate AHI night-to-night variability, 
offering new insights into multi-night sleep testing. In 
addition, this study incorporated BR recording for up to 10 
nights, enabling a more comprehensive assessment of 
nocturnal AHI variability. To date, very few studies have 
assessed night-to-night variability for more than 6 
nights.13,37,41,42 Among them, two used non-PSG devices, 
with one using a pulse oximeter and another an under-
mattress device.37,41 Furthermore, conducting 
measurements in a home environment enhances the real-
world applicability, because it captures sleep patterns 
under natural sleeping conditions while minimizing the 
potential disruptions associated with in-laboratory PSG, 
such as the "first-night effect”. 25,26  

However, several methodologic limitations warrant 
acknowledgment. The primary limitation is the reliance on 
multi-night average AHI as the reference benchmark 
without concurrent PSG validation. Although this 
approach is suboptimal, it is consistent with methodologies 
used in prior research on night-to-night variability.10,37 
Additionally, this study's statistical power was constrained 
by its relatively small sample size. To address this 
constraint, bootstrapped simulations were employed to 
produce more robust variance estimates. However, 
bootstrapping also amplified the effects of clustered or 
multimodal distributions for metrics, such as sensitivity, 
specificity, and Cohen kappa, making these metrics 
difficult to use for such evaluation (Figure S2). The study 
cohort was also characterized by a relatively young age and 
a predominance of female participants. Last, the analysis 
was restricted to individuals with no or mild OSA due to 
the lack of adequate patients with moderate-to-severe OSA 
in this dental clinic cohort. Prior research indicates that 
OSA night-to-night variability is more pronounced in mild-
to-moderate cases.10,26,37,41,42 Future investigations 
involving older populations and encompassing the full 
spectrum of OSA severity are warranted to further 
elucidate the optimal use of wearables to reduce the effect 
of night-to-night variability. 

In this study, AUC-ROC, F1 score, and CCC were 
used for the assessment of diagnostic convergence. From 
the methodological perspective, there remains a lack of 
well-defined standardized statistical metrics and 
universally accepted thresholds for assessing multi-night 
testing protocols. Standardization of the statistical 
framework will be critical in ensuring the translation of 
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diagnostic sleep technologies into successful patient-
centered practice. 

 
Clinical Implications  
 

Determining the optimal number of nights required to 
diminish the effect of night-to-night variability using novel 
sleep technologies remains a research priority.43 Although 
multi-night sleep monitoring can reduce the risk of missed 
OSA diagnoses, excessive testing could potentially elevate 
false-positive results, leading to unnecessary therapeutic 
interventions, added inconvenience, higher healthcare 
costs, increased reluctance to undergo testing, or reduced 
adherence to diagnostic protocols.9 Provided the prominent 
heterogeneity among these cutting-edge OSA-detecting 
technologies because of widely varied operational 
mechanisms, device specifications, sensing locations, and 
artificial intelligence-driven analytical algorithms, each 
sleep technology likely requires separate evaluation to 
establish the device-specific optimal number of testing 
nights.  

Over the past decade, there has been growing 
recognition of the vital role dental sleep specialists play in 
OSA screening and therapeutic management.29,30 Recent 
research supports this perspective, with a comprehensive 
meta-analysis of 42 studies substantiating the efficacy of 
OAT in treating OSA across all severity levels.44 The 
advent of OSA-detecting sleep technologies is expected to 
positively affect dental sleep medicine practice, offering 
new opportunities for OSA assessment and management. 
For dental sleep specialists, the understanding of AHI 
night-to-night variability and the mitigation strategies will 
help streamline OAT assessment and longitudinal 
monitoring workflows for optimizing therapeutic 
outcomes.45  

CONCLUSION 
 

This pilot investigation, conducted in a dental sleep 
clinic, demonstrated that multiple-night BR testing 
improved result reliability, and the performance gains 
leveled off by the third night, indicating that 3 nights of 
recording can effectively attenuate the effect of night-to-
night variability in individuals with no to mild OSA. Future 
studies should prioritize the standardization of statistical 
frameworks for multi-night assessment and expand to 
include patients across the full spectrum of OSA severity 
from diverse patient populations.  
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Supplementary Information 
 
Simulations 

The study employed a bootstrap method, generating 1,000 trials for each X-night average of AHI4% (Avg-AHI4%) 
or average of ODI3% (Avg-ODI3%). For each trial, AHI% or ODI3% values were randomly sampled for each 
participant to create a distribution of metrics (e.g., F1 Score, AUC-ROC, or CCC). This distribution was analyzed to 
assess classification or agreement between the X night Avg-AHI4%/Avg-ODI3% and reference AHI4% (Ref-
AHI4%)/reference ODI3% (Ref-ODI3%) values (Figure S1). In the simulation analysis, we prioritized F1 score, AUC-
ROC, and CCC as key metrics for performance evaluation and agreement, as they exhibited stability in bootstrapped 
distribution (Figures 3 & 4). In contrast, sensitivity, specificity, and Cohen’s kappa coefficient were excluded from 
bootstrapping-based analyses due to their tendency to produce multimodal distributions, likely influenced by the small 
dataset (Figure S2). 
 
Sensitivity Analysis 

To assess the impact of excluding participants with fewer recorded nights, we conducted a sensitivity analysis by 
applying stricter inclusion criteria, limiting the analysis to participants with at least seven nights of data. The results 
showed that performance metrics remained stable after three nights (F1 score=0.89, AUC-ROC=0.96, CCC=0.91 for 
AHI4% and CCC=0.96 for ODI3%) (Table S1). These findings confirmed the robustness of our results, demonstrating 
that multi-night assessments improve diagnostic stability.  
 
The distribution of Total Sleep Time (TST) 

The 60-minute technically valid TST threshold was set arbitrarily to retain nights with analyzable data during the 
exploratory phase, which allowed us to reflect real-world variability while maintaining sufficient analytic quality. 
Notably, nearly all nights exceeded this minimum. Specifically, 98% of nights had ≥2 hours of TST, 92% had ≥3 hours, 
and the mean TST ranged from 316.5 to 362.4 minutes. These distributions are reported in Tables S2–S4.  
 
 
Supplementary Tables and Figures  

Figure S1. Bootstrap Methodology Overview 
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Table S1. Percentage of Nights with TST Exceeding 1, 2, 3, and 4 Hours 
 

Hours Percentage 
1-Hour 100% (181/181) 

2-Hour 98% (178/181) 

3-Hour 92% (168/181) 

4-Hour 86% (155/181) 

 
 
Table S2. Percentage of Participants Achieving TST Over 1, 2, 3, and 4 Hours Across Multiple Nights 
 

Nth Night 1-Hour 2-Hour 3-Hour 4-Hour 
First (N=28) 100% 100% 93% 89% 

Second (N=28) 100% 96% 86% 79% 

Third (N=28) 100% 96% 96% 93% 

Fourth (N=26) 100% 100% 88% 73% 

Fifth (N=25) 100% 100% 96% 88% 

Sixth (N=22) 100% 95% 91% 82% 

Seventh (N=17) 100% 100% 100% 100% 

 

Table S3. Mean (SD) TST across Multiple Nights 
 

Nth Night Mean (SD) 
First (N=28) 328.6 (93.4) 

Second (N=28) 347.6 (120.0) 

Third (N=28) 359.6 (92.2) 

Fourth (N=26) 330.3 (102.4) 

Fifth (N=25) 346.9 (98.2) 

Sixth (N=22) 316.5 (90.9) 

Seventh (N=17) 362.4 (58.6) 

 

Table S4. Sensitivity Analysis of F1 Score and AUC-ROC for N-Night Averaged AHI4% versus Reference AHI4% at 
Cutoff of 5 events/h and CCC for N-Night Averaged AHI4% and ODI3% Compared to Their Respective Values from 
1,000 Simulated Trials Using Participants with at Least 7 Nights of Data (N=17)  
 

7 Nights 1,000 Simulated Trials (N=17) 
N-Night AHI4% ODI3% 

 F1 Score AUR-ROC CCC CCC 
1-Night  0.88 0.92 0.76 0.88 

2-Night 0.89 0.96 0.87 0.93 

3-Night 0.89 0.96 0.91 0.96 

4-Night 0.90 0.97 0.93 0.97 

5-Night 0.91 0.97 0.94 0.97 

6-Night 0.91 0.98 0.95 0.98 
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Figure S2. Distribution of Sensitivity, Specificity, and Cohen’s Kappa and Percentage of Simulations for AHI4% 
Across N-Night Averages  
 

 
 
The plots display the distribution of sensitivity, specificity, and Cohen’s kappa coefficient from 1,000 simulated trials 
comparing N-Night averaged AHI4% with reference values. The accompanying graphs show the percentage of 1,000 
simulated trials meeting predefined thresholds of values for 1-6 Night data. Notably, sensitivity, specificity, and 
Cohen’s kappa tendency to produce multimodal distributions, likely influenced by the small dataset.    
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