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Background: Wearable devices have tremendous potential for large-scale longitudinal
measurement of sleep, but their accuracy needs to be validated. We compared the perfor-
mance of the multisensor Oura ring (Oura Health Oy, Oulu, Finland) to polysomnography
(PSG) and a research actigraph in healthy adolescents.

Methods: Fifty-three adolescents (28 females; aged 15-19 years) underwent overnight PSG
monitoring while wearing both an Oura ring and Actiwatch 2 (Philips Respironics, USA).
Measurements were made over multiple nights and across three levels of sleep opportunity (5
nights with either 6.5 or 8h, and 3 nights with 9h). Actiwatch data at two sensitivity settings
were analyzed. Discrepancies in estimated sleep measures as well as sleep-wake, and sleep
stage agreements were evaluated using Bland—Altman plots and epoch-by-epoch (EBE)
analyses.

Results: Compared with PSG, Oura consistently underestimated TST by an average of 32.8
to 47.3 minutes (Ps < 0.001) across the different TIB conditions; Actiwatch 2 at its default
setting underestimated TST by 25.8 to 33.9 minutes. Oura significantly overestimated WASO
by an average of 30.7 to 46.3 minutes. It was comparable to Actiwatch 2 at default sensitivity
in the 6.5, and 8h TIB conditions. Relative to PSG, Oura significantly underestimated REM
sleep (12.8 to 19.5 minutes) and light sleep (51.1 to 81.2 minutes) but overestimated N3 by
31.5 to 46.8 minutes (Ps < 0.01). EBE analyses demonstrated excellent sleep-wake accura-
cies, specificities, and sensitivities — between 0.88 and 0.89 across all TIBs.

Conclusion: The Oura ring yielded comparable sleep measurement to research grade
actigraphy at the latter’s default settings. Sleep staging needs improvement. However, the
device appears adequate for characterizing the effect of sleep duration manipulation on
adolescent sleep macro-architecture.

Keywords: validation, adolescents, wearable, polysomnography, actigraphy

Introduction

Polysomnography (PSG), the reference standard for measuring sleep in clinical
settings requires the engagement of trained staff, is time-consuming to conduct and
score, making it expensive. It is thus less well suited for the characterization of
sleep patterns studied over multiple nights outside a laboratory.

Actigraphy is a well-accepted means of gathering population sleep data for such
purposes having been refined since its introduction in the 1970s."* It has been
validated against PSG in both healthy and clinical populations, across a range of
age groups.'> Actigraphy shows good sensitivity in detecting sleep, but it has lower
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specificity in detecting periods of wakefulness, misclassi-
fying periods when one is awake but motionless as sleep.-
7 For individuals such as older adults who are more likely
to have such periods while they are in bed, actigraphy
tends to overestimate sleep.® At the other end of the age
spectrum, children and adolescents tend to move more
during their sleep, resulting in underestimation of sleep
duration.’'?

Most consumer wearables used to track sleep started as
fitness trackers used to monitor daytime activity levels
using accelerometry. Manufacturers soon realized that
with minor adaptations, their devices could mimic the
function of far more expensive research actigraphs. For a
variety of reasons, early products demonstrated mixed
performance compared to

when measuring sleep

research-grade devices.”'* '

Recent models of consumer sleep trackers use multiple
sensors to collect physiological data in order to overcome
limitations of motion-based sleep detection. For example,
the inclusion of photoplethysmography (PPG) to measure
heart rate (HR) and heart rate variability (HRV) has
improved sleep-wake detection and has been used to facil-
itate sleep staging.'>'” Additionally, these wearables are
integrated with smartphone applications, offering conveni-
ent collection, display and trend analysis of sleep as well
as remote monitoring of participants. Coupled with the
rapid growth in adoption by consumers, this has resulted
in the generation of unprecedented amounts of low-cost
sleep data.'® Such data can be used to determine the extent
to which habitual sleep behaviour modulates health and
wellbeing for the formulation of a next generation of sleep
behaviour guidelines and interventions. However, before
this takes place it is vital that the sleep measures they
gather are validated against trusted measurements of sleep.

The Oura ring (Oura, Oulu, Finland) incorporates a
triaxial accelerometer and gyroscope for physical activity
tracking, two infrared LED (light-emitting diode) photo-
plethysmographs for optical pulse measurements and a
temperature sensor in a waterproof 4-gram package.
Previous validation studies involving the Oura ring
showed that it performs comparably with research-grade
actigraphs, over single nights of study in predominantly
Caucasian participants.'”?° As prior work suggests that
age, BMI, biological sex, skin tone and hair follicle den-
sity are important factors when it comes to accuracy and
generalizability of wearable studies based on HR and
motion sensors, it is important to consider these factors

and assess replicability in an East Asian sample.?'*

To evaluate the suitability of Oura ring as a tool for the
large-scale longitudinal assessment of sleep we assessed
its accuracy in sleep-wake determination and sleep-stage
classification compared to PSG in healthy East Asian
adolescents. We were also interested in whether the tem-
poral pattern of ring data would concur with that obtained
from PSG. Alongside, we compared the Oura ring with a
research-grade actigraph (Actiwatch 2, Philips Respironics
Inc., Pittsburgh, PA), under two different sensitivity set-
tings of the latter. While previous findings have shown that
the adoption of a lower sensitivity setting with the
Actiwatch 2 resulted in greater correspondence with PSG

in an adolescent population,”

a comparison with the
default setting remains relevant as it remains the most
widely adopted setting for use with adult populations.
Additionally, adults are the primary users of the Oura
ring and thus a comparison with the default setting of the
Actiwatch 2 may provide useful insights. To ascertain the
consistency of measurements under controlled settings, we
collected data on multiple nights of sleep per participant
and across three levels of sleep opportunity (6.5, 8 and
9h). We conducted our evaluations in accordance to recent

device validation guidelines.'’

Methods

Participants

Fifty-nine healthy adolescents (29 males and 30 females)
aged between 15 and 19 years old participated in a study
on the effect of two different sleep schedules on cognitive
performance.?* All participants were screened for sleep
disorders and pre-existing medical conditions prior to the
study, had body mass index (BMI) of less than 30 kg/m’
and did not smoke.

Study Protocol

Full details of the study protocol are described in our prior
work.>* While this protocol was designed primarily to
compare cognitive functions of adolescents under different
sleep schedules, the experimental conditions, with standar-
dization and verification of bed and wake time of subjects
over the course of the entire protocol made it ideal for the
comparison and validation of sleep devices against PSG.
In brief, the study was conducted over 15 days in a semi-
laboratory condition at a boarding school’s dormitory.
Participants were randomized into Split (shortened noctur-
nal sleep plus daytime nap) and Continuous (nocturnal
sleep only) sleep schedule groups. Both groups had one
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9h TIB adaptation night and one 9h baseline night (B2)
prior to any sleep manipulation. Following this, the Split
sleep group underwent five manipulation days (M11-M15)
with 6.5h nocturnal TIB plus 1.5h nap TIB while the
Continuous sleep group received 8h nocturnal TIB without
any daytime nap opportunity. Both groups then underwent
two recovery 9h TIB nights (R11-R12), before undergoing
another cycle of three manipulation (M21-M23) and two
9h TIB recovery (R21-R22) nights. 6.5h and 8.5h TIB
nights took place from 00:15 to 06:45 and 23:30 to
07:30, respectively, while 1.5h TIB naps took place from
14:00 to 15:30. Six participants withdrew during the study,
resulting in the final sample of 29, and 24 in the
Continuous and Split sleep groups, respectively (Refer to
protocol figure in Supplementary Figure 1).

Participants’ sleep was monitored using the Oura ring
and wrist-worn Actiwatch during all nights of the protocol,
while polysomnography data analysed in the present study
were concurrently recorded on eight nights: 3 nights of 9h
nocturnal sleep (B2, R11 and R21), and 5 nights of manip-
ulation (M11, M13, M15, M21, M23).

The Institutional Review Board of the National
University of Singapore approved the study and our pro-
tocol was in accordance with the principles in the
Declaration of Helsinki. Informed written consent was
obtained from participants and their legal guardians during
the briefing sessions on the study procedures and objec-
tives. They were also informed of their right to withdraw
from the study at any time.

Polysomnography
Polysomnography (PSG) was performed using the
SOMNOtouch device (SOMNOmedics GmbH,

Randersacker, Germany). Electroencephalography was
recorded from two main channels (C3 and C4 in the
international 10-20 system of electrode placement) refer-
enced to the contralateral mastoids. The common ground
and reference electrode were placed at Fpz and Cz, respec-
tively. Electrooculography (EOG; right and left outer
canthi) and submental electromyography (EMG) were
also recorded for sleep stage classification. EEG signals
were sampled at 256 Hz and impedance was kept at less
than 5KQ for EEG and below 10KQ for EOG and EMG
channels.

Data was autoscored with the updated version of
which has
been previously validated and shown to be on par with
expert scorers;” along with the FASST EEG toolbox

Z3Score algorithm (https://z3score.com),

(http://www.montefiore.ulg.ac.be/~phillips/FASST.html),
and visually inspected by trained technicians who were

blinded to the Oura ring and actigraphic records. Scoring
of the sleep was performed based on the American
Academy of Sleep Medicine Manual (AASM). WASO,
REM sleep, N1, N2 and N3 were calculated based on 30-
second epochs according to the AASM manual criteria.*

Oura Ring

Participants wore an Oura ring throughout the protocol on
whichever finger on either hand that they could achieve
the best fit with the sizes available. Prior to the commence-
ment of the study, ring sizes of participants were obtained
for all fingers, from which a ratio of appropriate ring sizes
for this population group was established. This allowed for
the procurement of a range of ring sizes that maximised
for both good fit and reusability in future studies. The
Oura ring measures sleep based on heart rate variability
and motion using plethysmography and an accelerometer.
App version 2.7.4 of the Oura App and firmware version
1.36.3 for the Oura ring were used throughout the duration
of this study. Technicians ensured the participants wore the
rings properly by checking the rings worn by the partici-
pants throughout the day and at bedtime, and ensured the
ring and Oura mobile app were connected the following
day to upload the data. Thirty second epoch by epoch data
was obtained from Oura’s cloud. The Oura ring classifies
sleep epochs into four categories of sleep: wake, light,
deep, and REM sleep. As the ring does not record N1
and N2 stages separately, PSG N1 and N2 epochs were
summed to correspond with Oura’s light sleep stage, while
PSG N3 epochs were compared with Oura’s deep sleep
stage.”” TST in both Oura and PSG records were defined
as the summation of light sleep (PSG stages N1 and N2),
deep sleep (PSG stage N3) and REM sleep. For both Oura
and PSG, sleep onset was defined as the first epoch of
sleep, regardless of stage.

To ensure accurate PSG-device synchronization, all
device time stamps were synchronized with an Internet
Time Server. Based on lights-off/on timings logged by
research assistants each night, data from all devices were
truncated to match this sleep period. Wake epochs were
added to the Oura data if sleep duration was shorter (Oura-
determined bedtime was after actual lights-off timing or
Oura-determined waketime was before actual lights-on
timing), and removed if sleep duration was longer (Oura-
determined bedtime was before actual lights-off timing or
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Oura-determined waketime was after actual lights-on
timing).

Actigraphy

Participants wore the Actiwatch (AW2) on the non-domi-
nant wrist throughout the 15-day protocol, in addition to a
one-week period before the study to ensure compliance
with the stipulated 9h sleep schedule. Actiwatch data were
collected in 30-second epochs and scored using the
Actiware software (version 6.0.9, Philips Respironics Inc,
Pittsburgh, Pennsylvania). Two wake thresholds and
immobility settings were applied for actigraphy data pro-
cessing. The default M10 setting uses a medium wake
threshold with 40 counts per epoch with 10 immobile
minutes for sleep onset and termination. In addition,
given the reported increased movement during sleep in
adolescents®® and our own findings that actigraphy analy-
sis with a lower sensitivity to motion improved accuracy
of sleep classification in adolescents,® we also employed
the HS setting. This had a higher wake threshold of 80
counts per epoch and 5 immobility minutes for sleep onset
and termination. For both settings, total sleep time (TST)
was calculated as the summation of sleep epochs within
the designated sleep periods, and wake after sleep onset
(WASO) as the summation of wake epochs between sleep
onset and end.

Data Analysis (Sleep-Wake
Classification)

Analyses of Measurement Biases

SPSS 25.0 (IBM Corp., Armonk, New York) and
MATLAB version R2017b (The Math Works, Inc.,
Natick, MA) was used to preprocess data and run statis-
tical analyses. As subjects underwent 2 of 3 different TIB
conditions (6.5, 8, and 9 h), we first employed a repeated
measures ANOVA with the within-subjects factors of night
and device setting (M10, H5, Oura) within each TIB con-
dition to investigate whether the observed biases (mean
difference) from PSG in the estimated TST and WASO
varied across the measurement nights. We did not find a
significant device setting by night interaction (p > 0.1),
indicating similar discrepancies from the gold standard
throughout the protocol nights. Given this finding, we
used the intrasubject averaged data across nights within
each TIB condition in subsequent analyses. We also exam-
ined the effects of sex and BMI on the bias in TST
estimates, performing separate 2x3 mixed ANOVAs with

sex, and BMI group as between-subjects, and device as
within-subject factors in each TIB condition.

Next, we explored if biases in the estimated TST and
WASO measured by actigraphy (M10 and HS5 settings)
and the Oura ring were significant using one-sample
t-tests against zero. A negative bias represents under-
estimation by the device compared to gold-standard
PSG and vice versa. Furthermore, to compare biases of
different devices we employed separate repeated mea-
sures analysis of variance (ANOVA) within each TIB
condition for TST and WASO with device setting (M10,
HS, Oura) as a within-subjects factor, followed by post-
hoc t-tests. Resulting p-values were adjusted for multi-
ple comparisons using the Bonferroni correction (multi-
plied by 3 to account for comparisons across the three
devices), and then compared with selected significance
levels (p<0.05, p<0.01, p<0.001). Bland—Altman plots
were also generated for each TIB condition to visualize
the level of agreement between PSG and equivalent
sleep measures for each device setting. We used simple
linear regression to explore proportional biases and
determine if the duration of estimated TST and WASO
for each device setting would predict the bias magnitude
in each TIB condition.

Epoch by Epoch Analysis

To further evaluate the ability of devices to accurately
classify sleep and wake epochs, we calculated the follow-
ing agreement measures on 30-second epoch data using
the following equations within each TIB condition:

Sleep sensitivity: True sleep/(False Wake + True Sleep)

Wake specificity: True wake/(True Wake + False
Sleep)

Accuracy: (True Sleep + True Wake)/(True Sleep +
False Wake + True Wake + False Sleep)

Sensitivity, specificity and accuracy values were first
calculated for each participant, and then averaged together
within each TIB condition. In addition, we also computed
a multi-class version of Cohen’s kappa coefficient based
on the confusion matrix of sleep stages, as a measure of
how well the classifier performs beyond random chance.
Kappa values were computed for each subject’s confusion
matrix and then averaged together within the respective
TIB condition. Kappa values < 0 indicate no agreement,
0.01-0.20 slight agreement, 0.41-0.60 moderate agree-
ment, 0.61-0.80 substantial agreement, and 0.81-1.00

almost perfect agreement.*’
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Table | Polysomnography-Determined Sleep Architecture

6.5-Hour TIB (N = 22)

TIB 390.50 (0.98)
TST 353.81 (18.70)
Stage NI sleep 5.73 (5.41)
180.93 (25.38)
186.66 (25.85)
99.76 (27.24)

Stage N2 sleep
Stage NI + N2 sleep
Stage N3 sleep

REM sleep 67.38 (16.67)
WASO 739 (7.52)
Sleep efficiency (%) 90.60 (4.78)

8-Hour TIB (N = 28) 9-Hour TIB (N = 52)
480.10 (1.51) 540.11 (0.34)

443.04 (17.65) 489.29 (29.19)

8.03 (6.01) 10.18 (7.28)

227.94 (25.12) 261.97 (31.23)

235.96 (25.03) 272.15 (32.04)

115.96 (21.05) 1121 (27.18)

91.12 (19.20) 105.94 (22.58)

11.83 (11.04) 14.27 (14.74)

92.20 (3.84) 90.59 (5.40)

Notes: Data presented as mean (standard deviation) in minutes unless otherwise indicated.
Abbreviations: REM, rapid eye movement; TIB, time in bed; TST, total sleep time; WASO, wake after sleep onset.

Data Analysis (Sleep-Stage Classification)
As the Oura ring additionally outputs sleep stage measure-
ments in 30-second epochs, similar Bland—Altman and
epoch-by-epoch analyses conducted for sleep-wake classi-
fication were performed to assess the agreement in sleep
staging between the Oura ring and PSG, for each sleep
stage duration output by Oura (light, deep, and REM
sleep).

Replication of Prior PSG Findings with the
Oura Ring

Although a device may show systematic biases (eg, over-
estimation or underestimation) compared to the reference
measure, it remains useful if it is able to identify key
trends in the data. Since we recorded from multiple nights
for each subject, we sought to identify if the Oura ring
could similarly identify differences in sleep architecture
between experimental groups previously documented with
PSG.**

Results

Of the original 59 participants at the start of the study
protocol, 53 contributed to the final sample. Two partici-
pants withdrew from the study before the experiment and
four withdrew within three days after commencement of
the experiment. Due to technical issues, 27 PSG record-
ings, 27 Oura recordings and 13 Actiwatch recordings
were excluded from the analysis. PSG recordings were
excluded either due to device failures resulting in early
termination of recordings or insufficient data quality for
sleep staging due to electrodes falling off during the night.
Excluded Oura recordings were due to missing sleep stage
data on some nights (although sleep times were recorded) -

likely as a result of poor ring fit or movement during the
night that prevented proper PPG recording. Excluded
Actiwatch recordings were due to data corruption, which
resulted in complete loss of data for the data collection
period. Actiwatches from a pool of over 130 devices were
constantly rotated between use throughout the protocol to
minimize this possibility.Critically, these missing record-
ings occurred randomly. In addition, the device recordings
from 2 participants for one night was excluded due to non-
compliance with study protocol. PSG-determined sleep
architecture for the final sample is listed in Table 1.

Oura Ring Compared with PSG
The Oura ring underestimated TST and overestimated
WASO. Oura significantly underestimated TST by an aver-
age of 32.8 to 47.3 minutes (¢s > 9.02, Ps < 0.001, Cohen’s
ds > 1.92), and overestimated WASO by an average of
30.7 to 46.3 minutes across the different TIB conditions (zs
>8.82, Ps <0.001, Cohen’s ds > 1.87, Table 2). Compared
to PSG, Oura significantly underestimated REM sleep and
light sleep (stage N1+N2), and overestimated time spent in
deep sleep (stage N3) consistently across all TIB condi-
tions. REM sleep was underestimated by an average of
12.8 to 19.5 minutes (zs > 3.01, Ps < 0.01, Cohen’s ds >
0.44). Bias magnitudes were significantly larger for light,
and deep sleep with an average of 51.1 to 81.2 minutes of
underestimation (zs > 8.47, Ps <0.001, Cohen’s ds > 1.81),
and 31.5 to 46.8 minutes of overestimation, respectively
(ts>4.18, Ps <0.001, Cohen’s ds > 0.89, Table 2). Bland—
Altman plots demonstrating device setting-PSG biases for
TST, WASO, and sleep-stage analyses are presented in
Figures 1 and 2, respectively.

EBE analyses compared with PSG demonstrated excel-
lent sleep-wake accuracies, specificities, and sensitivities;

Nature and Science of Sleep 2021:13
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Table 2 Biases from PSG for Each Device Across TIB Conditions

MI0 H5 Oura F
6.5-Hour TIB (N=22)
TST —25.83 (13.89)++° —-2.18 (13.36)*¢ —32.76 (17.05)%+°< 69.35
Stage NI1+N2 sleep - - —51.14 (28.33)**
Stage N3 sleep - - 31.51 (35.39)%
REM sleep - - —13.13 (20.45)*
WASO 27.99 (11.76)* 14.42 (8.03)%*¢ 30.71 (16.34)** 21.35
8-Hour TIB (N=28)
TST —33.61 (22.79y%+*° —7.54 (15.76)*¢ —46.08 (19.70)++°< 78.33
Stage NI1+N2 sleep - - —69.85 (32.42)**
Stage N3 sleep - - 43.27 (32.28)**
REM sleep - - —19.52 (26.74)**
WASO 37.76 (20.41)*+ 18.03 (12.05)**¢ 41.64 (17.06)** 43.134
9-Hour TIB (N=52)
TST —33.86 (19.25)%+° —5.30 (17.78)*¢ —47.26 (24.59)%+°¢ 116.06
Stage NI1+N2 sleep - - —81.21 (32.18)**
Stage N3 sleep - - 46.76 (36.28)**
REM sleep - - —12.81(28.92)*
WASO 37.94 (15.97)%=P 19.11 (12.00)*>< 46.33 (22.03)%b< 64.18

Notes: Data presented as mean (standard deviation) in minutes. Significant biases using one-sample t-test against zero. Bonferroni corrected p-values: *P < 0.05; **P < 0.001.
Analyses of variance of TST, and WASO biases were all significant within each TIB condition (P < 0.001). Negative values represent underestimations. *M10 significantly
different from H5 (P < 0.05). 5M10 significantly different from Oura (P < 0.05). “H5 significantly different from Oura (P < 0.05).

Abbreviations: M10, The default Actiwatch setting that uses a medium wake threshold with 40 counts per epoch with [0 immobile minutes for sleep onset and
termination; H5, Actiwatch setting that has a higher wake threshold of 80 counts per epoch and 5 immobility minutes for sleep onset and termination; REM, rapid eye

movement; TIB, time in bed; TST, total sleep time; WASO, wake after sleep onset.

between 0.88 and 0.89 across all TIBs (Tables 3 and 4).
Further, EBE comparisons on sleep stage classification
accuracy relative to PSG indicated agreement of 0.51 to
0.53 in detecting REM sleep, 0.52 in detecting light sleep,
and 0.79 to 0.83 in detecting deep sleep (Table 4). Based
on the confusion matrices presented in (Table 5) Oura
most commonly misclassified light sleep as deep sleep
(23 to 25% of the time), followed by misclassification as
wake and REM sleep (10 to 13% of the time). Deep and
REM sleep were most frequently misclassified as light
sleep (13 to 18% of the time), and (23 to 28% of the
time), respectively. Cohen’s kappa coefficient showed
moderate agreement values of 0.45 + 0.07 in the 6.5 and
8h TIB conditions and 0.44 £ 0.08 in the 9h TIB condition.

Comparison of Actiwatch M10, H5 and

Oura Ring

Repeated measures ANOVA on observed device-PSG
biases for TST, and WASO showed a significant main
effect of the device across all TIB conditions (7S7: F >
69.35, P < 0.001; WASO: F > 21.35, P < 0.001;

Table 2, Figure 1). The post hoc paired ¢-tests demon-
strated that Oura had slightly more TST underestima-
tion compared with M10, by an average of 6.9 to 13.4
minutes (zs > 2.17, Ps < 0.05, Cohen’s ds > 0.47)
across the different TIB conditions. For WASO, M10
and Oura performed comparably in the 6.5 and 8h TIB
conditions (zs < 0.89, Ps > 0.38, Cohen’s ds < 0.19),
and M10 significantly outperformed Oura with an aver-
age of 8.4 minutes less overestimation in the 9-h TIB
condition (¢ = 2.54, P = 0.006, Cohen’s d = 0.39). We
observed significantly better performance in both TST
and WASO estimation for H5, compared with M10 and
Oura (zs > 5.25, Ps < 0.001, Cohen’s ds > 1.12;
Table 2, Figure 1).

For EBE analyses, repeated measures ANOVA on
device-PSG agreements of accuracy, sensitivity, and
specificity indicated a significant main effect of device
across all TIB conditions (accuracy: F > 15.03, P<
0.001; sensitivity: F' > 40.76, P < 0.001; specificity:
F > 26.86, P < 0.001; Table 4). The post hoc paired
t-tests showed significantly higher wake specificity
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values of Oura compared to H5 by 0.18 to 0.19 (s >
5.08, Ps < 0.001, Cohen’s ds > 1.09), and comparable
performance with M10 consistently across all TIB con-
ditions (¢#s < 1.67, Ps > 0.10, Cohen’s ds < 0.23).
Moreover, we did not observe any significant differ-
ences in sleep-wake accuracy and sleep sensitivity
between Oura and MI10 in the 6.5h condition.

However, Oura had slightly lower accuracy values
than M10 by 0.01 to 0.02 in the 8 and 9h TIB condi-
tions (¢s > 2.11, Ps < 0.05, Cohen’s ds > 0.41). Finally,
we observed significantly higher accuracy and sensitiv-
ity values of HS5, compared with M10 and Oura, across
TIB conditions ranging from 0.02 to 0.07 (¢s > 4.72, Ps
< 0.001, Cohen’s ds > 0.89). Nonetheless, this came at
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Table 3 Confusion Matrices of Each Device Setting by TIB Condition

MI0 H5 Oura
Sleep Woake Sleep Woake Sleep Woake
PSG Sleep 6.5-Hour TIB 0.90(0.04) 0.10(0.04) 0.95(0.02) 0.05(0.02) 0.89(0.04) 0.11(0.04)
8-Hour TIB 0.89(0.09) 0.11(0.09) 0.94(0.08) 0.06(0.08) 0.89(0.04) 0.11(0.04)
9-Hour TIB 0.91(0.04) 0.09(0.04) 0.95(0.02) 0.05(0.02) 0.88(0.05) 0.12(0.05)
Wake 6.5-Hour TIB 0.14(0.11) 0.86(0.11) 0.30(0.20) 0.70(0.20) 0.11(0.07) 0.89(0.07)
8-Hour TIB 0.14(0.09) 0.86(0.09) 0.29(0.14) 0.71(0.14) 0.11(0.06) 0.89(0.06)
9-Hour TIB 0.14(0.14) 0.86(0.14) 0.31(0.20) 0.69(0.20) 0.11(0.08) 0.89(0.08)

Notes: Mean (standard deviation) of proportions, referenced to PSG, of sleep/wake agreements. The classification accuracy of epochs into sleep or wake, specificities for

sleep/wake categories; are highlighted in bold.

Abbreviations: MI0, the default Actiwatch setting that uses a medium wake threshold with 40 counts per epoch with 10 immobile minutes for sleep onset and
termination; H5, Actiwatch setting that has a higher wake threshold of 80 counts per epoch and 5 immobility minutes for sleep onset and termination; REM, rapid eye

movement; TIB, time in bed; TST, total sleep time; WASO, wake after sleep onset.

the cost of significantly lower specificity (Table 4).
Further details regarding the sleep-wake classification
accuracy, sensitivity, and specificity of each device
across TIB conditions are summarized in Tables 3
and 4. In addition, direct comparison of M10 and H5
with PSG is presented in the supplemental material.

Proportional Biases Associated with Sleep
Duration

Bias in TST underestimation was significantly asso-
ciated with longer sleep duration for M10 and Oura
in the 8 and 9h TIB conditions (Table 6). The magni-
tude of underestimation increased by 0.39 to 1 minute
(F>13.98, Ps < 0.001), and 0.37 to 0.82 minutes (¥ >
5.60, Ps < 0.05) per TST minute; for M10 and Oura,
respectively. We did not find a significant association
in the 6.5h condition (F < 1.24, P > 0.28). For H5, this
association was not significant across TIB conditions
(F < 3.76, Ps > 0.058). Linear regression on WASO
showed greater overestimation for all devices by 0.6 to
1.64 minutes per additional WASO minute across all
TIB conditions (F > 4.11, Ps < 0.001; Table 6). We
found a significant relationship between the amount of
REM sleep duration and increased REM sleep estima-
tion bias by an average of 0.62 to 0.77 minutes for
Oura in the 8 and 9h conditions (F > 5.49, Ps < 0.05).
For the other sleep stages and device settings, we did
not observe any significant associations of bias magni-
tude with the stage duration (/' < 3.22, Ps > 0.09). For
further details on the biases proportional to the sleep
duration, see Table 6.

Sex and BMI Effects on PSG-Device

Discrepancies

We found no significant sex by device interactions on the
bias in TST estimates across all TIB conditions (Table S1).
Differential effects were only trending towards signifi-
cance in the 8h TIB condition for H5, and Oura, where
both devices underestimated TST more in males compared
to females (Table S1). Similarly, we observed no signifi-
cant BMI by device interactions in TST estimates in all
TIB conditions (Table S2).

Replication of Prior PSG Findings with the
Oura Ring

Despite the biases observed in the Oura ring compared to
PSG, we sought to examine whether the Oura ring would
still be able to replicate the conclusion of our previously
reported sleep architecture findings between Split and
Continuous groups demonstrated with the PSG.>* Sleep
architecture differences between Continuous and Split
groups across the manipulation nights using both PSG
and the Oura ring are presented in Figure 3. Overall PSG
trends between groups are largely mirrored by the Oura,
despite biases between devices.

However, it is important to consider both the magni-
tude and variance of experimental effects as well as device
errors in assessing whether the Oura is able to detect an
effect of interest. For example, an effect is considered
significant at the p<0.05 level when 95% Cls of the 2
groups (Continuous and Split Sleep) measured by PSG
overlap less than half of the error bar width. Assuming
comparable Oura-PSG device biases in both groups, if the
error bars of the Oura-PSG discrepancy render an overlap
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Table 4 EBE Agreement Metrics, Referenced to PSG, of Each Device Setting Grouped by TIB Condition

MIo H5 Oura F
6.5-Hour TIB
Sleep-wake accuracy 0.90 (0.03)* 0.93(0.02)*¢ 0.89(0.04)° 15.03
Wake specificity 0.86(0.11)* 0.70(0.20)*¢ 0.89(0.07)° 26.86
Sleep sensitivity 0.90(0.04)° 0.95(0.02)*¢ 0.89(0.04)° 40.76
Sleep stage accuracies
Light sleep - - 0.52(0.05) -
Deep sleep - - 0.79(0.12) -
REM sleep - - 0.53(0.18) -
8-Hour TIB
Sleep-wake accuracy 0.90(0.04)*° 0.94(0.02)*¢ 0.89(0.04)>< 26.84
Wake specificity 0.86(0.09)° 0.71(0.14)>¢ 0.89(0.07)° 35.70
Sleep sensitivity 0.91(0.05)*° 0.95(0.02)*¢ 0.89(0.04)>< 49.52
Sleep stage accuracies
Light sleep - - 0.52(0.08) -
Deep sleep - - 0.83(0.10) -
REM sleep - - 0.51(0.17) -
9-Hour TIB
Sleep-wake accuracy 0.91(0.03)*® 0.93(0.03)*¢ 0.89(0.04)>< 32.19
Wake specificity 0.87(0.11)* 0.70(0.19)*¢ 0.89(0.08)° 52.25
Sleep sensitivity 0.91(0.04)*° 0.95(0.02)*¢ 0.88(0.05)>< 91.83
Sleep stage accuracies
Light sleep - - 0.52(0.07) -
Deep sleep - - 0.79(0.11) -
REM sleep - - 0.53(0.17) -

Notes: Analyses of variance of sleep sensitivities, wake specificities and sleep-wake accuracies within each TIB condition were all significant (P < 0.001). ®*M10 significantly
different from H5 (P < 0.05). ®MI0 significantly different from Oura (P < 0.05). °H5 significantly different from Oura (P < 0.05).

Abbreviations: EBE, epoch by epoch; M10, The default Actiwatch setting that uses a medium wake threshold with 40 counts per epoch with 10 immobile minutes for sleep
onset and termination; H5, Actiwatch setting that has a higher wake threshold of 80 counts per epoch and 5 immobility minutes for sleep onset and termination; REM, rapid
eye movement; TIB, time in bed; TST, total sleep time; WASO, wake after sleep onset.

greater than half of the error bar width, then the effect can
no longer be detected by Oura (eg, on night R11 in
Supplementary Figure 2). However, if the size of the effect

is large in contrast to the size of the discrepancy, the issue
is less problematic (eg, on the M (manipulation) nights),
particularly if one is only interested in the differential
effects between groups.

Discussion

In our evaluation of the Oura ring, over multiple nights of
sleep in each participant, we found the device to give
comparable assessment of sleep timing and duration with

respect to PSG as the Actiwatch 2 research actigraph at the

latter’s default settings. Both devices significantly under-
estimated adolescent sleep in this sample across all 3 sleep
opportunities. This similar underestimation by the Oura
ring and the Actiwatch 2 at default M10 setting may be
due to both devices being optimised for adults, and thus
warrants further validation in an adult population. The
possibility for improving the accuracy of sleep detection
for different populations, such as different age groups, by
customizing sensor sensitivity is exemplified by the better
correspondence of Actiwatch 2 output and PSG with low-
ered sensitivity to motion.

For sleep staging, the Oura ring systematically under-
estimated light sleep and overestimated deep sleep.
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Table 5 Confusion Matrices of Oura Sleep Staging by TIB Condition

Oura
Woake Light Sleep Deep Sleep REM Sleep
PSG Wake 6.5-Hour TIB 0.89(0.07) 0.05(0.04) 0.05(0.04) 0.01(0.02)
8-Hour TIB 0.89(0.07) 0.05(0.04) 0.04(0.03) 0.02(0.02)
9-Hour TIB 0.89(0.08) 0.05(0.05) 0.04(0.03) 0.02(0.02)
Stage NI + N2 Sleep 6.5-Hour TIB 0.13(0.05) 0.52(0.05) 0.25(0.08) 0.10(0.04)
8-Hour TIB 0.13(0.05) 0.52(0.08) 0.25(0.07) 0.10(0.05)
9-Hour TIB 0.13(0.06) 0.52(0.07) 0.23(0.07) 0.12(0.05)
Stage N3 Sleep 6.5-Hour TIB 0.02(0.02) 0.18(0.12) 0.79(0.12) 0.01(0.02)
8-Hour TIB 0.02(0.02) 0.13(0.08) 0.83(0.10) 0.02(0.02)
9-Hour TIB 0.02(0.02) 0.17(0.10) 0.79(0.11) 0.02(0.03)
REM Sleep 6.5-Hour TIB 0.18(0.16) 0.23(0.12) 0.06(0.07) 0.53(0.18)
8-Hour TIB 0.17(0.09) 0.28(0.12) 0.04(0.04) 0.51(0.17)
9-Hour TIB 0.18(0.13) 0.24(0.12) 0.05(0.05) 0.53(0.17)

Notes: Mean (standard deviation) of proportions, referenced to PSG, of each sleep stage classification. Classification accuracies for each sleep stage are highlighted in bold.
Abbreviations: REM, rapid eye movement; TIB, time in bed; TST, total sleep time; WASO, wake after sleep onset.

Notwithstanding these biases, data from the Oura ring
were able to detect practically important differences
between groups across the 15-day study, particularly
where experimental effects were larger than the size of
the Oura-PSG discrepancy. This speaks to utility in detect-
ing important sleep trends even if point estimates are off
the mark.

Comeparable Performance Between
Consumer Device and Research
Actigraph for Sleep-Wake Classification

Both devices underestimated sleep in adolescents, by
about 30 minutes for the Actiwatch 2 at M10 and by
about 40 minutes for the Oura ring. This underestimation
was proportional with the duration of the sleep opportu-
nity, with increasing underestimation as the sleep oppor-
tunity lengthened for the 8- and 9-h sleep opportunities.
This mirrors an overestimation of WASO in both devices,
with a similar proportionally increasing overestimation of
WASO with increasing sleep opportunity.

With TST and WASO, the Oura ring showed compar-
able bias to the Actiwatch 2 at its default setting (3—13
minutes). Additionally, the Oura achieved better wake
specificity across all TIB conditions. This improved spe-
cificity could be the result of the use of multiple sensors
for sleep-wake classification employed by the Oura ring.
Other devices from this new generation of wearables that
incorporate additional sensors beyond motion-only sleep

detection have also shown improvements in their perfor-
mance over their motion-only predecessors.'”

Feasibility of Customization of Sleep
Detection for Different Subgroups

Across all TIB conditions, Actiwatch 2 at the lower
motion sensitivity ‘H5' setting was associated with less
underestimation of TST and overestimation of WASO
compared with the default setting. These observations

concur with previous findings'*?*

and support the use of
different threshold settings to achieve higher agreement
with PSG in adolescent populations. Validation studies of
the Actiwatch 2 at the default (M10) setting mostly
employed healthy adult populations. However, it is
known that healthy adolescents demonstrate increased
movement during sleep compared to adults.”® Given the
similar performance of the Oura ring compared with the
Actiwatch M10 setting, this supports wearables providing
the option for customisation of their sleep algorithms for
different subgroups as well as further validation studies
with healthy adult populations, for which the Actiwatch
MI10 setting has been well validated with.

Oura Sleep Staging Performance

Compared to PSG, the Oura ring significantly underesti-
mated the amount of light (N1 + N2), and REM sleep, and
overestimated the amount of deep sleep (N3) across all
TIBs. These results are opposite to the findings by de
Zambotti and colleagues who found an underestimation
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Abbreviations: M0, the default Actiwatch setting that uses a medium wake threshold with 40 counts per epoch with 10 immobile minutes for sleep onset and termination; H5, Actiwatch setting that has a higher wake threshold of 80

counts per epoch and 5 immobility minutes for sleep onset and termination; REM, rapid eye movement; TIB, time in bed; TST, total sleep time; WASO, wake after sleep onset.

of deep sleep by about 20 minutes and overestimation of
light and REM sleep by 3 and 17 minutes respectively.'’
There could be several possible reasons for these
discrepancies.

An updated sleep scoring algorithm and a second gen-
eration of rings was used in this study which might limit
comparisons to prior work. For example, in the EBE
analysis, we found greater likelihood of scoring N3 rela-
tive to light and REM sleep compared to the earlier study
on adolescents.'® Inter-scorer differences could also con-
tribute to the different results. Aggregate agreement
among human scorers of PSG is around 80%.%° The label-
ing of N3 and N1 in particular typically shows lower inter-
scorer agreement than N2, REM sleep, or wakefulness.*®
32 Finally, sleep measurement algorithms used by the Oura
ring were developed using data from healthy Caucasian
adults. The adolescents in a previous study'® were also
predominantly Caucasian, while only East and South
Asians were studied here. Further work is needed to vali-
date sleep algorithms in samples that involve persons of
different ages and ethnicity as these could additionally
influence accuracy and generalizability of wearable studies

based on HR and motion sensors.>!?%33

Wearable Devices as an Attractive Tool
for Longitudinal Tracking

The Oura ring and likely, other new generation wearables
with multiple sensors, have clear advantages over both
PSG and research actigraphs in their ability to collect
weeks, months, or even years of data in a home setting
without requiring users to visit the lab for data extraction.
The smartphone-based apps that support such devices
enable researchers to retrieve daily updates of participants’
sleep through a secure cloud-based platform. A potential
challenge for long-term research studies is firmware and
hardware upgrading that can disrupt the assessment of
long-term trends in sleep behavior, particularly if these
changes are not communicated to users in advance. This
can be circumvented by first collecting raw or minimally
processed sensor data (as in the case of research acti-
graphs) followed by the provision of an Application
Programming Interface (API) that would allow researchers
to process collected research data to take advantage of
advances in the mapping of wearable data to PSG rather
than rely on processed outcome metrics. We expect that
when more validation data of the sort available here
become accessible, sleep scoring algorithms using deep
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Figure 3 TST, WASO, and sleep stages measured by PSG (blue lines) and Oura ring (red lines) for the Continuous (dotted lines) and Split (solid lines) sleep groups across
the manipulation nights. Error bars denote 95% confidence intervals. Blue asterisks denote significant differences between groups with PSG measures, while red asterisks
denote significant differences between groups with Oura measures. *P < 0.05; **P < 0.01; **P < 0.001.

learning will advance such mapping to different subgroups
of users — taking into account age, ethnicity, and under-
lying health condition.**

Despite systematic biases in sleep measurement, there
could still be utility in the detection of certain trends as
demonstrated here. On a single night basis and for clinical
uses, PSG provides unparalleled fidelity of sleep measure-
ment. However, over a period of months or longer, wear-
ables with a growing number of sensors trained on
extensive datasets on which machine learning can be
applied, provide access to trend data on sleep regularity
on a scale and duration hitherto impossible. Beyond ser-
ving as proxy measures of sleep, the measures these
devices collect: heart rate, heart rate variability, body
temperature, and breathing rate provide physiological
information that are invaluable in monitoring health and
wellbeing, as well as the effect of lifestyle or therapeutic
interventions on these.

Limitations

We excluded the analysis of sleep onset latency (SOL) in
the present work as an accurate assessment would be
incompatible with the protocol of the study. In the case
of the Oura ring, an automated proprietary algorithm

determines TIB timings, which does not always conform
to the lights off and lights on timings enforced during the
study — to which PSG and Actiwatch TIB start and end
times were aligned with. As such, to ensure a fair compar-
ison across the devices, we amended Oura ring recordings
to match TIBs across all devices by adding or removing
epochs around the enforced lights off/lights on timings
during the study.

Additionally, while a comparison of SOL is theoreti-
cally possible under laboratory settings with artificially
imposed lights off and on timings, it would be more
difficult to assess this under real-world, ecological set-
tings, where peri-sleep behavior (and thus, exact TIB tim-
ings) vary
validation studies in this regard would benefit from a

substantially across individuals. Future
consensus as to the type of sleep behavior that constitutes
actual sleep time (eg, lying down with eyes closed as
opposed to sitting up in bed reading a book), as well as
the ability of the sensors to distinguish between these

types of behaviors.

Conclusion
The Oura ring performed comparably with a research
grade actigraph at its default setting in terms of sleep/
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wake classification, but with slightly greater TST under-
estimation. In terms of sleep staging, the Oura ring sig-
nificantly underestimated N1+N2 and REM sleep and
overestimated N3 sleep in adolescents. The ring was able
to detect the effects of sleep manipulation on sleep beha-
vior that were in agreement with the inference obtained
from concurrent PSG monitoring over a 2-week period,
demonstrating its utility for the long-term monitoring of
sleep habits.
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