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Objective: A novel ring-worn oximeter (Circul) uses reflective photoplethysmography and automated signal processing to calculate 
oxygen desaturations. We evaluated the ability of Circul to detect obstructive sleep apnea in Chinese adults.
Methods: We recruited 207 Chinese Han subjects: 70% males, mean age 48.2±14.7 years, mean BMI 27.6±4.8 kg/m2 and mean AHI 
28.6±25.2 events/h. All participants underwent simultaneous polysomnography (PSG) and Circul testing in a sleep laboratory. Oxygen 
desaturation index (ODI), mean oxygen saturation (MSpO2), cumulative time at SpO2<90% (CT90), cumulative percentage of sleep 
time spent with SpO2<90% (CT90/TST) were derived and compared for the Circul and the PSG.
Results: The ODI was 25.3±24.5 events/h using PSG and 22.2±24.5 events/h using Circul (P<0.0001), with an intraclass correlation 
coefficient (ICC) of 0.884. CT90 and CT90/TST between the two methods were not different; the MSpO2 level calculated by PSG was 
slightly lower than Circul, 95.0% (93.0–96.0%) vs 95.3% (93.9–96.6%), P<0.0001. Circul-ODI had a good correlation (r=0.91, 
p<0.0001) and close agreement with PSG-AHI (Bland-Altman analysis: Mean Difference 6.4, 95% CI −14.8 to 27.5 events/h). Using 
a threshold of AHI ≥5 events/h, the Circul had 87% sensitivity, 83% specificity, 5.09 positive likelihood ratio (LR+), 86% accuracy, 
and 0.929 area under the curve (AUC).
Conclusion: Circul ring pulse oximetry can detect OSA with reasonable reliability. The Circul system is a reliable and comfortable 
choice for OSA assessment.
Keywords: obstructive sleep apnea, reflective photoplethysmography, pulse oximetry, polysomnography

Introduction
Obstructive sleep apnea (OSA) is a chronic disorder that negatively impacts cardio-cerebrovascular and metabolic 
diseases, cognitive impairment, traffic accidents, and mortality.1–4 It is estimated that almost 1 billion adults aged 30– 
69 years are affected by OSA, and 425 million have moderate to severe OSA.5 However, OSA remains significantly 
underdiagnosed and undertreated all over the world. In-laboratory attended polysomnography (PSG) is the gold 
standard for diagnosing OSA. However, the capacity for performing PSG is limited. Pulse oximetry is an accessible, 
simple, cost-effective technique routinely used in many clinical settings. It is the most common single-channel 
portable monitor (PM) device for detecting OSA and has been widely validated in adults and pediatrics.6–8 Oxygen 
desaturation index (ODI), a reliable indicator of hypoxia, is always coupled with airflow, respiratory effort, and heart 
rate in most type III PMs, which has been recommended in out-of-center sleep testing (OCST).9 In previous studies 
evaluating the utility of overnight oximetry as a diagnostic tool for OSA, underestimation of apnea–hypopnea index 
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(AHI) and decreased negative predictive value (NPV) were found.10,11 Traditional pulse oximeters use transmissive 
photo-plethysmography (tPPG) sensors, which are usually placed on fingertips, toes, or earlobes. The most commonly 
used is finger-worn pulse oximetry, but wearing a finger-worn probe overnight may be uncomfortable for subjects.

Pulse oximetry probes that use reflectance technology have been developed. For example, Circul, a novel ring pulse oximetry 
(Megahealth Medical, Inc. Zhejiang, China) based on reflective PPG (rPPG), is designed to monitor SpO2, pulse rate, and 
movement. This device uses automated signal processing, feature extraction, and pattern recognition by an algorithm inside the 
ring. In this study, we evaluated the accuracy of this ring-pulse oximetry and its clinical utility in the assessment of OSA.

Methods
Participants
Two hundred and seven subjects with suspected sleep apnea were recruited from the Sleep Disorders Clinic at the Peking 
University People’s Hospital, Beijing, China. Eligible participants were between the ages of 18 to 80 years and had no 
previous sleep testing or treatment. Individuals were excluded from the study for the following reasons: 1) overnight oxygen 
use, ventilatory support; 2) prior diagnosis of chronic heart failure, pacemaker insertion, chronic obstructive pulmonary 
disease, or obesity hypoventilation syndrome; 3) finger deformity, history of peripheral vascular disease; 4) prior diagnosis of 
other sleep disorders, such as narcolepsy, parasomnia, rapid eye movement behavior disorder, jet lag or shift worker by 
history over the past three months. The study was conducted in accordance with the Declaration of Helsinki and approved by 
the Ethics Committee of Peking University People’s Hospital. Informed consent was obtained from all patients.

Circul System
Circul is a novel wearable device for oxygen saturation and heart rate monitoring, movement measurement, and sleep/wake 
analysis, based on photo-plethysmography (PPG) techniques, 3-axis accelerometer signals, advanced automated-signal proces-
sing, and sleep pattern recognition. The Circul incorporates all required components for calculating and measuring oxygen 
saturation, heart pulse rate, and body movement. The device features an adjustable fit (using multiple ring sizes and a patented 
spring fit) for comfort and can be worn continuously (Figure 1A). Circul uses a reflectance PPG technology whereby a tiny sensor 
is placed on the proximal phalangeal radialis finger (Figure 1B) that can operate during sleep and physical activity. Typical 
motion artifacts have been compensated for within the system algorithms. Circul is designed to measure SpO2 with a high 
resolution of 0.1% and sampling frequency of one sample per second with an averaging time of 1s. There is a built-in 3.7v 
rechargeable lithium-ion battery in the ring that can operate the total system for at least 16 hours. The acquired data signal was 
processed automatically by an algorithm inside the ring. Circul can output measurement data to the analyzing application 
installed on a smartphone or tablet using Bluetooth. When Circul is connected to the smart device, the data could be downloaded 
from the instrument’s built-in memory to the smart device to analyze and display data graphically and generate a report.

The schematic diagram of oxygen desaturation events detection and ODI calculation by Circul is shown in Figure 1C. 
Mean oxygen saturation (MSpO2), cumulative time at SpO2<90% (CT90), and cumulative percentage of sleep time spent 
with SpO2<90% (CT90/TST) were derived from an automated algorithm of the Circul oximetry. An example of the 
Circul’s reflective SpO2 signal, traditional tPPG SpO2 signal versus PSG sum channel, epoch by epoch analysis 
demonstrating a series of oxygen desaturation events is displayed in Figure 2.

Before routine in-laboratory PSG sleep testing, the sleep technician helped the subjects apply the Circul onto the index finger, 
middle finger or third finger (Figure 1B). The sleep technician chose the appropriate ring size and finger for each participant to 
optimize oximetry signal quality. The start and stop of recording of ring oximetry monitoring were defined as the same as lights 
off and lights on time during PSG testing. All the data from Circul testing and the PSG study were conducted simultaneously.

Pulsox 300i: Pulse Oximetry Using a Finger Probe
The Pulsox 300i (Konica Minolta, Inc., Osaka, Japan) obtained oxygen saturation (SpO2) and pulse rate information 
using a finger probe using the transmissive PPG technique. The Pulsox 300i can collect SpO2 data continuously, extract 
oxygen desaturation events, and calculate ODI. The overnight Pulsox SpO2 data was downloaded the next morning via 
a USB connection to DS-5 data analysis software, and the oxygenation parameters (MSpO2, ODI, CT90, CT90/TST) 
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were generated automatically by software. All data were processed and collected by a technician blinded to the clinical 
data for the PSG study and the Circul study.

Polysomnography
Trained sleep technicians performed polysomnography (PSG) according to the recommendations of the American 
Academy of Sleep Medicine (AASM).12,13 All physiologic data were collected and stored using the Alice 6 digital 
PSG system (Philips Respironics, Inc, Murrysville, Pennsylvania, USA). Channels recorded included: electroencephalo-
gram (F3M2, F4M1, C3M2, C4M1, O1M2, and O2M1), electrooculogram, bilateral anterior tibialis electromyograms, 
chin muscle electromyogram, oronasal thermistor, nasal pressure, rib cage, and abdominal movement, electrocardiogram, 
snoring, body position, and heart rate and oxygen saturation by finger-worn pulse oximetry. Using the AASM scoring 
criteria,13 PSG was scored manually with the aid of computer software by an experienced sleep technologist without 
knowledge of the results of the Circul oximetry. Apneas were scored when there was ≥ 90% reduction in airflow from 
baseline for at least 10 seconds on the oronasal thermistor signal. Hypopneas were defined by a ≥30% reduction in 
a respiratory signal for at least 10 seconds associated with a ≥3% reduction in oxygen saturation or an arousal. AHI on 
PSG was calculated as the average number of apneas and hypopneas per hour of scored sleep.

In addition, all desaturations of ≥3% from the baseline oxygen saturation were quantified independently for these three 
recording systems. The 3% desaturations scored for the Circul and Pulsox-300i were scored and extracted the next morning, 
automatically using analysis software. Data were processed by two technicians who were blinded to the PSG study outcomes. 
The ODI was calculated as the total number of desaturations divided by the total sleep time or total analyzed time.

Figure 1 Circul and its working principle. (A) Circul and the accessory charger. (B) An example of Circul ring which uses the reflective SpO2 measuring method with 
embedded red and infra-red (IR) PPG. (C) Schematic diagram of the oxygen desaturation events detection and ODI calculation algorithm in the Circul.
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Statistical Analysis
Statistical analyses were performed using MedCalc Version 19.0.5 (MedCalc Software, Ostend, Belgium) and MATLAB 
(MathWorks, Natick, Massachusetts, USA) to assess the clinical accuracy of Circul in determining the presence of OSA. 
Normally distributed data are presented as mean ± standard deviation (SD), and non-normally distributed data are presented 
as the median and interquartile range (IQR). A Chi-square analysis was conducted to assess differences in proportion. To test 
for differences, a paired Student’s t-test was performed for normally distributed data, and a Wilcoxon rank test was used for 
non-normally distributed data. Correlation coefficients and Bland-Altman plots were done to validate the correlation and 
agreement between Circul and PSG.14 Sensitivity, specificity, positive predictive value, negative predictive value, and 
Cohen’s kappa coefficient were calculated at the AHI thresholds of ≥ 5, ≥ 15 and ≥ 30 events/h, respectively. Receiver- 
operator characteristics (ROC) curves were determined for different PSG diagnostic thresholds to identify the cutoff values 
of the Circul. Values of P < 0.05 were considered statistically significant for all analyses.

Results
Demographic and Clinical Data
A cohort of 207 Chinese Han subjects was studied with simultaneous PSG and Circul. 145 (70%) were male and had 
a mean age of 48.2±14.7 years, a mean BMI of 27.6±4.8 kg/m2, a mean total sleep time (TST) of 395.8±58.5 min, and 
a mean AHI of 28.6±25.2 events/h. A subsample of 141 participants, in addition, was monitored simultaneously with 
a Pulsox-300i. The characteristics of the sample and sub-sample were summarized in Table S1.

Comparison Between Circul, PSG, and Pulsox 300i
Table 1 summarizes the main parameters observed in PSG and Circul oximetry. A significant difference was observed 
between PSG-ODI and Ring-ODI (25.3±24.5 events/h vs 22.2±24.5 events/h, P<0.0001). The Circul underestimated 
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Figure 2 An example of a comparison of the nocturnal oxygen saturation signal of Circul, Pulsox 300i, and the polysomnographic (PSG) sum signal, demonstrating a series 
of hypoxia events in a subject with severe OSA. The amplitude of all signals has been normalized.
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overall ODI using the 3% rule, but with good correlation, intraclass correlation coefficient value with 0.884. CT90 and 
CT90/TST between the two methods were not different. The MSpO2 level of Circul was slightly higher than PSG, but the 
magnitudes of the differences were relatively small and unlikely to be of clinical significance.

Among the total of 207 subjects, the sub-sample of 141 also underwent Pulsox 300i oximetry simultaneously; the 
performance of the two oximeters (Circul with rPPG and Pulsox with tPPG technique) was investigated (Table S2). The 
result showed that the rPPG-ODI and tPPG-ODI both had underestimated PSG-ODI with a statistically significant 
difference, 23.4±25.5 events/h for rPPG-ODI, 23.7±21.5 events/h for tPPG-ODI and 26.6±25.4 events/h for PSG-ODI. 
But the ODI between the rPPG and tPPG devices were not significantly different, indicating this rPPG method in 
detecting oxygen desaturation is comparable to transmissive finger probe oximetry.

Correlation and Agreement Between the Circul Oximetry and PSG
The ODI calculated from the Circul device significantly correlated with the PSG-AHI (Pearson r=0.91, p<0.0001), and 
the scatter plot is shown in Figure 3A. The Bland-Altman analysis demonstrated a mean difference of 6.4, with limits of 
agreement ranging from −14.8 to 27.5 events/h (Figure 3B). After calculation, 93.7% of the points were within the limits 
of agreement and the 95% CI. As shown in Figure 3C and D, the Ring-ODI was highly correlated with PSG-ODI 
(Pearson r=0.89, p<0.001); the Bland-Altman analysis of PSG-ODI and Ring-ODI showed a mean difference of 3.1, 
limits of agreement ranging from −19.4, 25.5 events/h.

Diagnostic Efficiency of Circul Oximetry
Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (LR+), 
negative likelihood ratio (LR-), accuracy, and Cohen’s kappa coefficient for the Ring-ODI for different AHI thresholds 
were shown in Table 2. For example, when using Ring-ODI ≥ 5 events/h to identify OSA, the Circul oximetry had 87% 
sensitivity, 83% specificity, 5.09 LR+, 0.15 LR-, and 86% accuracy. Using Ring-ODI ≥ 15 events/h to recognize 
moderate-severe OSA, we found a specificity of 96%, sensitivity of 66%, and 76% accuracy. Using Ring-ODI ≥ 30 
events/h to diagnose severe OSA, the Circul oximetry had 74% sensitivity, 100% specificity, and 91% accuracy. The 
kappa coefficient of agreement for AHI≥ 5, ≥ 15, and ≥ 30 events/h were 0.574, 0.544, and 0.784, respectively.

ROC analysis was used to assess the sensitivity and specificity of Circul oximetry in different thresholds of AHI 
(Figure 4). Using a threshold of AHI ≥5 events/, when the optimal diagnostic cutoff value from Ring-ODI was 5 
events/h, with 87.2% sensitivity, 82.8% specificity, 96.2% PPV, 58% NPV, and 0.929 area under the curve (AUC). 
When the cutoff value of Ring-ODI was lowered to ≥3.2 events/h, Circul oximetry had 91.2% sensitivity and 74.3% 
specificity to identify OSA-negative or OSA-positive. With a threshold of AHI ≥30 events/h, and a 21.9 cutoff value of 
Ring-ODI, the diagnostic efficiency improved with 84.7% sensitivity, 97.8% specificity, 95.3% PPV, 92.3% NPV and 
0.973 AUC.

The classification of subjects by referenced PSG against the classification of cases by Circul was shown in Figure 5. 
The data demonstrate that among 207 participants, 158 (76.3%) subjects in this study can be accurately classed by Circul 
using binary classification as AHI<15 or AHI ≥15. Considerable underestimation of OSA severity by Circul was found, 

Table 1 Comparison of Parameters Observed in PSG and Simultaneous in-Lab Circul Oximetry 
(n=207)

PSG Circul P-value ICC

ODI (events/h) 25.3±24.5 22.2±24.5 <0.0001 0.884

MSpO2* 95.0% (93.0–96.0%) 95.3% (93.9–96.6%) <0.0001 0.647

CT90 (min) * 5.0 (0.50–33.47) 6.76 (0.77–30.41) 0.133 0.844
CT90/TST* 1.37% (0.11–9.19%) 1.75% (0.19–8.01%) 0.094 0.854

Notes: *MSpO2, CT90, CT90/TST data are presented as median and interquartile range (IQR). 
Abbreviations: ICC, intraclass correlation coefficient; ODI, 3% oxygen desaturation index; MSpO2, mean oxygen saturation; 
CT90, cumulative time at SpO2<90%; CT90/TST, cumulative percentage of sleep time spent with SpO2<90%.
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forty-six subjects of 127 (34.8%) in the group of AHI≥15 events/h were scored as ODI <15 events/h by Circul testing. 3 
(4.0%) subjects with AHI<15 were overestimated by Circul as ODI >15 events/h.

Discussion
Portable oximetry-based monitors are widely used for assessment and management of OSA. However, ring pulse 
oximetry with rPPG is a relatively new technology which still needs validation. This pilot study validated the accuracy 

Table 2 Diagnostic Comparison of the ODI Derived from Circul with PSG-AHI

AHI Proportion Se Sp PPV NPV LR+ LR- Accuracy Kappa

Events/h

Circul vs PSG

≥ 5 0.83 0.87 0.83 0.96 0.57 5.09 0.15 0.86 0.574 (0.438–0.710)

≥ 15 0.64 0.66 0.96 0.97 0.62 16.48 0.36 0.76 0.544 (0.442–0.647)

≥ 30 0.35 0.74 1 1 0.88 +∞ 0.26 0.91 0.784 (0.694–0.875)

Abbreviations: ODI, 3% oxygen desaturation index; AHI, apnea-hypopnea index; Se, sensitivity; Sp, specificity; PPV, positive predictive value; 
NPV, negative predictive value; LR+, positive likelihood ratio; LR-, negative likelihood ratio; Kappa, Cohen’s kappa coefficient.
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of Circul compared with simultaneous PSG recording in a Chinese clinic-based sample. The results demonstrated that the 
performance of the Circul system is capable of providing a reliable detection of OSA on Han Chinese. A close 
correlation and agreement were found between ODI calculated from Circul oximetry and manual-scored AHI, with 
Pearson r=0.91, limits of agreement of −14.8 to 27.5 events/h. The Circul system screens OSA with high sensitivity and 
specificity. When using Ring-ODI ≥ 5 events/h to identify OSA, Circul oximetry can reach 87% sensitivity, 83% 
specificity, 5.09 positive likelihood ratio (LR+) and 86% accuracy; and using Ring-ODI ≥ 15 events/h to screen 
moderate-severe OSA, we found the specificity can reach 96%.

The main blood oxygen parameters comparison showed that the Circul correlated with PSG oximetry with ICC 0.884 
in ODI. A significant difference was observed between PSG-ODI and Ring-ODI (25.3±24.5 events/h vs 22.2±24.5 
events/h, P<0.0001), Circul underestimated ODI as −3.2 events/h in mean difference between Ring-ODI and PSG-ODI. 
Our study compared rPPG and tPPG, both located on the finger in the detection of oxygen desaturation; Ring-ODI was 
not statistically different than Pulsox-ODI (23.4±25.5 vs 23.7±21.5), showing this rPPG based oximetry is comparable to 
traditional finger-probe oximetry (Table S2). Schallom et al15 compared forehead rPPG oximetry and two finger-probe 
oximeters with tPPG technique, they found over a simultaneous 24-hour measurement in critically ill participants who 
were at risk of peripheral hypoperfusion, rPPG measurement had a superior correlation and agreement with SaO2 
obtained by atrial blood gas analysis. Pertzov et al16 also found significant delay in the detection of desaturation between 
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Figure 5 The error matrix of OSA severity classes obtained from referenced PSG and Circul using the canonical threshold (AHI<5; AHI ≥5; AHI≥15 and AHI≥30 events/h).
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finger tPPG and earlobe rPPG oximetry during fiberoptic bronchoscopy, showing a centrally located rPPG was more 
accurate and allows earlier identification of desaturation. These studies displayed an improvement of rPPG technique.

The positive correlation and close agreement of rPPG-estimated respiratory event index (REI) and PSG-derived AHI 
were also found in other portable oximetry-based monitors,17–19 indicating the reliability of wearable PPG sensors in 
respiratory event detection. Belun Ring study17 and NightOwl study19 using REI to estimate PSG-AHI, the bias of REI 
between PSG-AHI is smaller than Circul oximetry, but the positive correlation is inferior to Circul oximetry. Circul 
oximetry, other rPPG-based oximetry17,19,20 and tPPG-based oximetry18,21 systems were reported to underestimate PSG- 
AHI. Respiratory event induced oxygen desaturation is determined by the duration of apnea/hypopnea, type of 
respiratory event, functional residual capacity and basic SaO2 level.22,23 First, apnea could be scored by airflow signals 
(cessation of breath for 10 secs or more) without oxygen desaturation in PSG. This is important in younger population 
with no significant comorbidities, and those with low BMI, as they may have a higher incidence of apneas without 
oxygen desaturations. Decreased airflow in short duration may not have more than 3% oxygen desaturation, the lack of 
electroencephalogram signals on portable oximetry prevents detection of arousals, resulting in hypopneas with arousals 
but not desaturations were also missed by oximetry, so that ODI underestimated the AHI as well. Second, AHI could be 
underestimated because artifacts and noise would affect the signal quality of PPG, which might be incorrectly discarded 
by automatic algorithms, so that potential respiratory events coupled with movements were missed by a portable PPG- 
based device, as Massie et al and Papini et al reported.19,20 Thus, Circul could miss oxygen desaturation events and 
underestimate ODI in this situation.

The utility of Circul in detection for OSA was further illustrated by the ROC, with an area under the curve of 0.929. 
Using the threshold of Ring-ODI ≥5 events/h, Circul displayed a sensitivity of 87%, a specificity of 83% in the diagnosis 
of OSA, when using the threshold of Ring-ODI ≥30 events/h, the specificity can reach 100%, and the sensitivity lowered 
to 74%. Relative to other PPG-based devices, Circul oximetry performed well overall (Table 3): Belun Ring (95% 
sensitivity, 29% specificity, AUC 0.934 compared with PSG),17 Morpheus Ox (80% sensitivity, 86% specificity, AUC 
0.909 with PSG),18 wrist-worn rPPG (72% sensitivity, 71% specificity, AUC of 0.8).20 With PAT-devices, as reported by 
Ayas et al, when a threshold of AHI≥10 events/h was used, Watch-PAT can reach a sensitivity of 82.6%, and a specificity 
of 71.4%.21 Using a threshold of in-lab AHI ≥5 events/h, the Circul had 87% sensitivity, 83% specificity, 5.09 positive 
likelihood ratio (LR+), and 86% accuracy, and 0.929 area under the curve (AUC), which meet the criteria of AASM- 
guidelines for validation of Out-of-Center devices recommendation.24 The overall specificity of Circul oximetry is good 
and the underestimation of AHI with Circul caused the relative lower sensitivity, however, when decreased the cutoff 
value as Ring-ODI ≥3.2 events/h, the Circul oximetry identified OSA with 91.2% sensitivity and 74.3% specificity using 
the threshold of AHI≥ 5 events/h, this may complement the utility of the Circul oximetry in clinical settings to identify 
OSA-negative or OSA-positive. The Circul oximetry recognized moderate-severe OSA with 96% specificity and 66% 

Table 3 The Performance of Reported PPG Based Oximetry for Sleep Apnea Testing in Detecting Suspected OSA

Study Portable 
Monitoring

PPG Technology N AHI Threshold Sensitivity (%) Specificity (%) PPV (%) NPV (%)

Gu et al, 202017 Belun Ring rPPG 50 AHI≥5 95 29 89.1 50

AHI≥15 85 87 88.5 65.5

Massie F et al, 201819 NightOwl rPPG 101 AHI>≥5 92 100 56 100

AHI≥15 94 87 89 92

Papini G B et al, 202020 Wrist-worn oximetry rPPG 502 AHI≥5 72 71 84 NR

AHI≥15 59 90 75 NR

Ayas N et al, 200321 Watch-PAT tPPG 30 AHI≥15 93.3 73.3 NR NR

Romem A et al, 201418 Morpheus Ox tPPG 65 AHI≥5 80 86 93 68

AHI≥15 70 91 80 85

Our data Circul rPPG 207 AHI≥5 87 83 96 57

AHI≥15 66 96 97 62

Abbreviations: PPG, photoplethysmography; rPPG, reflective photoplethysmography; tPPG, transmissive photoplethysmography; PPV, positive predictive value; NPV, 
negative predictive value; AHI, apnea-hypopnea index; NR, not reported.
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sensitivity at the cutoff of 15 events/h; thus, a positive Circul result is highly suggestive of high-risk OSA. This good 
specificity of Circul oximetry allows accurate identification of moderate-to-severe OSA, helping to stratify high-risk 
patients and thus help allocate medical resources such as CPAP intervention. The main advantage of Circul oximetry is 
that it is more comfortable, convenient, and easy to wear, which requires little training to use properly.

This study is a large cohort study in patients suspected of having OSA. However, it has several limitations. Firstly, the 
study population is recruited from a sleep disorder clinic, and many who were referred were suspected of having OSA. So the 
clinical application of this system in a community-based population needs to be evaluated further. Secondly, this study 
excluded patients with cardiopulmonary disease which may have a potential impact, such as those with chronic obstructive 
pulmonary disease, chronic heart failure, obesity hypoventilation syndrome, or those on supplemental oxygen. Thirdly, this 
study focused on Chinese Han adults with relatively lower BMI and lighter skin pigmentation, and the generalization of the 
findings from the current report to other people with greater BMI or dark skin pigmentation remain to be studied. Also, the 
measurement accuracy of Circul in children is unclear; further testing is needed to assess its utility in children.

Conclusion
This pilot study evaluated Circul oximetry in detecting obstructive sleep apnea in the Chinese Han population with 
suspected OSA. Circul ring pulse oximetry can detect OSA with reasonable reliability compared with simultaneous PSG. 
The Circul system is a reliable and comfortable choice for OSA assessment and complementary for PSG with less 
interruption of sleep. Future studies should focus on the obese and the subjects with cardiopulmonary comorbidities, its 
HSAT utility for OSA is also needed.

Abbreviations
AASM, American Academy of Sleep Medicine; AHI, apnea-hypopnea index; AUC, area under the curve; BMI, body mass 
index; CI, confidence interval; CPAP, continuous positive airway pressure; HSAT, home sleep apnea testing; ICC, intraclass 
correlation coefficient; IQR, interquartile range; LR+, positive likelihood ratio; LR-, negative likelihood ratio; MSpO2, mean 
oxygen saturation; NPV, negative predictive value; OCST, out-of-center devices for sleep apnea testing; ODI, oxygen 
desaturation index; OSA, obstructive sleep apnea; OSAHS, obstructive sleep apnea hypopnea syndrome; PM, portable 
monitor; PPV, positive predictive value; PSG, polysomnogram; RDI, respiratory disturbance index; REI, respiratory event 
index; ROC, receiver-operator curve; PPG, photoplethysmography; SD, standard deviation; CT90, cumulative time at SpO2 

<90%; CT90/TST, cumulative percentage of sleep time spent with SpO2<90%; TST, total sleep time.
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