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Study Objectives: The purpose of this study was to determine whether a wearable sleep-tracker improves perceived sleep quality in healthy participants and to
test whether wearables reliably measure sleep quantity and quality compared with polysomnography.
Methods: This study included a single-center randomized crossover trial of community-based participants without medical conditions or sleep disorders.
A wearable device (WHOOP, Inc.) was used that provided feedback regarding sleep information to the participant for 1 week and maintained sleep logs versus
1 week of maintained sleep logs alone. Self-reported daily sleep behaviors were documented in sleep logs. Polysomnography was performed on 1 night when
wearing the wearable. The Patient-Reported Outcomes Measurement Information System sleep disturbance sleep scale was measured at baseline, day 7 and
day 14 of study participation.
Results: In 32 participants (21 women; 23.8 ± 5 years), wearables improved nighttime sleep quality (Patient-Reported Outcomes Measurement Information
System sleep disturbance: B = −1.69; 95% confidence interval, −3.11 to −0.27; P =.021) after adjusting for age, sex, baseline, and order effect. There was a small
increase in self-reported daytime naps when wearing the device (B = 3.2; SE, 1.4; P =.023), but total daily sleep remained unchanged (P =.43). The wearable had
low bias (13.8 minutes) and precision (17.8 minutes) errors for measuring sleep duration and measured dream sleep and slow wave sleep accurately (intraclass
coefficient, 0.74 ± 0.28 and 0.85 ± 0.15, respectively). Bias and precision error for heart rate (bias, −0.17%; precision, 1.5%) and respiratory rate (bias, 1.8%;
precision, 6.7%) were very low compared with that measured by electrocardiogram and inductance plethysmography during polysomnography.
Conclusions: In healthy people, wearables can improve sleep quality and accurately measure sleep and cardiorespiratory variables.
Clinical Trial Registration: Registry: ClinicalTrials.gov; Name: Assessment of Sleep by WHOOP in Ambulatory Subjects; Identifier: NCT03692195.
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BRIEF SUMMARY
Current Knowledge/Study Rationale: Wearables that measure sleep are increasingly popular, but whether such devices modify sleep behaviors is
unclear. Current consensus is that limited validation of wearables against gold standard measurements is a major limitation for large-scale use of wearables
in sleep research.
Study Impact: In healthy people, wearables can improve sleep quality and modify sleep behaviors while accurately measuring sleep variables, respiratory,
and heart rate. Accurate cloud-based remote monitoring of sleep and cardiorespiratory variables is feasible and could facilitate sleep and
cardiorespiratory research.

INTRODUCTION

Wearable technology for sleep assessment is rapidly becoming
one of the most popular consumer health products. Wearable
technologies are used for the purpose of self-guided physical
activity, sleep monitoring, sleep management, and behavioral
change.1,2 Wearable technologies including sensors placed
directly on the body (wrist, chest, hip) or sensors embedded in
clothing or accessories (eg, bracelet, watch, pendant) are be-
coming widely available to measure both sleep and physical
activity.1,3–7 Such technology adoption by the public is further
amplified by greater public awareness of the health-promoting

aspects of sleep and potential adverse consequences of poor
sleep quality and reduced sleep quantity.8 However, there is a
lack of understanding as to whether wearing such devices
changes sleep quality or quantity. Moreover, current consensus
suggests that limited validation of wearables against gold
standard measurements is a major limitation for large-scale use
of wearables in sleep research.9,10

Some of the validation studies have shown high variability
in commercially available wearables compared with validated
accelerometers that have been used to measure sleep.11 Other
validation studies have compared the performance of wearables
against the gold standard polysomnography (PSG) and found
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them to demonstrate acceptable sensitivity but poor specificity for
measuring sleep.12,13 More importantly, besides measurement of
sleep or physical activity, thesewearables areoften coupledwith an
application on a smartphone or electronic tablet that incorporates
elements of behavior change techniques that offer guidance and
support for increasing and sustaining greater physical activity and
health-focused tracking.Whether such devices affect modification
of sleep behavior in healthy individuals, and therefore sleep quality
and sleep quantity, and their downstream effects on health pro-
motion and health outcomes is unclear. Such information is vital
considering the epidemic of sleep deprivation and the adverse
health and safety consequences to populations.14–18 There is po-
tential for wearables to change behavior that improves sleep
quality and quantity and favorably influence population health.
To our knowledge, there have not been any clinical trials that
have rigorously studied the behavioral effect of wearables on
sleep quality and sleep quantity in healthy individuals.

The overarching aims of the proposed study were to study the
effect of a wrist-worn wearable device on sleep perception and
perform amethodologic study to validate the accuracy of the wrist-
worn wearable device to measure sleep quality and sleep quantity
comparedwith the gold standard PSG in healthy volunteerswithout
self-reported sleep disorders or chronic medical conditions.

METHODS

Participants
Healthy participants without recent hospitalizations were
recruited through flyers, social media, and advertisements from
the community. Selection criteria were as follows. Inclusion
criteria included the following: age ≥18 years and ≤45 years;
ability to provide informed consent; and willingness to undergo
PSG study and wear the device (Strap 2.0; WHOOP, Inc.,
Boston, Massachusetts) that measures sleep. Exclusion criteria
included the following: presence of an untreated sleep disorder
that requires diagnostic testing and treatment (insomnia, ob-
structive sleep apnea, narcolepsy, restless leg syndrome, rapid
eye movement sleep behavior disorder, or circadian rhythm
sleep disorders); the sleep disorder may be discovered during
screening with the sleep questionnaire (screen failure) or
following the performance of the PSG, in which case the
participant’s data would not be included in the analysis; apnea-
hypopnea index ≥ 15 events/h as per guidelines19; active sub-
stance abuse or alcoholism; pregnancy or lactation; consuming
sedative medications; participant-reported chronic medical
conditions such as hypertension, diabetes mellitus, cardiac
disorders, arthritis, or other chronic medical conditions; and
body mass index > 26 kg/m2. The study was approved by the
institutional review board of the University of Arizona
(IRB#1808871454), and all participants underwent the in-
formed consent process with written consent obtained before
study participation started.

Study design
This was a single-site randomized crossover study with an
embedded validation night at the midpoint. Participants were
randomized to (1) using the wearable device for 7 days and

maintaining sleep-wakefulness logs for the same 7 days (treatment
condition) or (2) maintaining the sleep logs only (control condi-
tion).After PSG, participantswere crossed over to the other arm. In
the original version of the protocol, an actigraph (accelerometer)
was to be worn during the control condition. However, before the
first participant enrollment, the protocol was modified to require
maintenance of sleep logs only (without the need to wear acti-
graphs) because of concerns that wearing the actigraph may
modify sleep behaviors.

Participants were asked to complete the Patient-Reported
Outcomes Measurement Information System (PROMIS) sleep
disturbance short form questionnaire at baseline and 7 and
14 days (primary outcome) to determine the effect of wearing
the device on nighttime sleep disturbance (sleep quality). The
PROMIS sleep disturbance 8-item short form questionnaire has
been correlated strongly with the longer forms and has greater
measurement precision than the Pittsburgh SleepQuality Index,
despite having fewer total items, and has been recommended for
use in research and clinical settings.20,21 The PROMIS sleep
disturbance short form assesses the pure domain of sleep dis-
turbance in individuals age 18 years and older. Each item asks
the participant to rate the severity of their sleep disturbance
during the prior 7 days. Each item on the measure was rated on
a 5-point scale (1 = never; 2 = rarely; 3 = sometimes; 4 = often;
5 = always), with a range in score from 8 to 40, with higher
scores indicating greater severity of sleep disturbance. The raw
scores on the 8 items were then summed to obtain a total raw
score, and the corresponding t-score based on population norms
was derived.

During the entire 14 days, participants maintained sleep logs
as a measure of self-report sleep-wakefulness behaviors.22

Secondary endpoints were: (a) sleep duration by sleep logs;
(b) sleep duration by wearable; (c) sleep fragmentation (wake
after sleep onset); and (d) heart rate variability measured by
the wearable.

For the validation part of the study, the following mea-
surements derived from the wearable device were compared
against the gold standard PSG-derived measures on a single
night performed at the midpoint of study participation: sleep
quantity (sleep duration); sleep fragmentation; proportion of
night spent during light sleep (stages N1 and N2), slow wave
sleep (N3), and rapid eye movement sleep (R sleep); (d) sleep-
wakefulness state determination by collapsing all stages of
sleep (N1, N2, N3, and R) and wakefulness and comparing
such measures against the gold standard PSG derived sleep-
wakefulness state; heart rate variability measured by the wearable
device versus that derived from the electrocardiogram collected
as part of the PSG; and heart rate and respiratory rate measured
by wearable device versus that measured as part of the PSG with
respiratory inductance plethysmography.

Study procedures

Wearable device

The wearable was programmed and worn on the nondominant
arm. Participants were randomly assigned to receive the
WHOOPStrap 2.0 (WHOOP Inc. Boston,MA) in the first week
or second week of participation, with the PSG performed at the
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midpoint of the 14-day participation. The device was recovered
the morning after day 14. The device transmitted data daily to
the participant’s smartphone or wireless internet–enabled
tablet, and from there the data were transmitted to a cloud
platform. Data were downloaded from the WHOOP cloud
platform for analysis. During the 14 days, participants were
instructed towear the device on either thefirst or secondweek as
per the randomization schedule. The application on their
smartphone or smart tablet would give them information re-
garding their sleep and physical activity performance on a daily
basis, with instructions that stated that their sleep was adequate
or inadequate. The devicemeasures heart rate information using
reflectance photoplethysmography andmotionwith a three-axis
accelerometer and processes these signals using algorithms that
generate sleep and activity data. The physical activity data are
measured as “physical strain,”which is a measurement on a 21-
point scale that, unlike counting steps, is a personalized account
of exertion and fitness based on duration of time one spends in
their personal maximal heart rate zones. During setup, the
device requires age, sex, and anthropometric measurements to
calculate the maximum heart rate zones.

PSG sleep study

Participants underwent a video-assisted polysomnography for
an 8-hour period that included electroencephalography (C4-A1,
C3-A2, F4-A1, F3-A2, O1-A2, and O2-A1), left and right
electrooculograms, submental electromyogram, electrocardio-
gram, chest and abdominal movement by inductance plethys-
mography (Ambulatory Monitoring Inc., Ardsley, New York),
leg movements by bilateral anterior tibialis electromyograms,
nasal pressure and thermistor recordings for airflow, and finger
pulse-oximetry (Sandman, Ontario, California or Grass Sys-
tems, Inc.; Natus, Inc.). An infrared camera was used to collect
continuous video recording that was recorded synchronous to the
polysomnogram. Continuous video-synchronized audio re-
cordings were made by an acoustic (calibrated) microphone to
measure snoring, and the signal was recorded digitally as both a
video-synchronized audio signal and as a channel in the dig-
itized PSG. The motion of the rib cage and abdomen was
measured noninvasively using respiratory inductive plethys-
mography. Electroencephalography, right and left oculography,
submental electromyography, and electrocardiography were
amplified, filtered (Sandman, Ontario, California; or Alice5 sys-
tem; Philips-Respironics, Inc., Murrysville, Pennsylvania) and
recorded along with other signals and stored in corresponding
data acquisition systems. In each participant, the PSG was per-
formed during an 8-hour period at the midpoint of study par-
ticipation. All PSGs were performed between 2200 and 0600
hours, with a time window of ±2 hours to suit individual par-
ticipant needs for delayed or early bedtime. Participants needed
an additional 2 hours for getting ready for the study, instru-
mentation, and filling out pre- and postsleep questionnaires.

Time synchronization of wearable and PSG

Before the start of recordings, the participants were asked to
assist with performing bio-calibrations to ensure that the re-
cordingswereworkingwell. The entire bio-calibration took 3–4
minutes. The wearable and PSG recordings were synchronized

by setting the clocks on the PSG monitor to the same as that on
the mobile devices that synchronized with the wearable device.

Scoring

Two observers (each with 20 years of experience in analyzing
PSGs) scored each PSG while blinded to the other observer’s
scores. The entire 8-hour PSG recordings that were artifact
free were analyzed using the American Academy of Sleep
Medicine guidelines.19,23 Scoring of respiratory events in the
PSG was performed according to American Academy of Sleep
Medicine scoring rules for obstructive apneas and hypopneas
to yield an apnea-hypopnea index value.23 An apnea-hypopnea
index value > 15 events/h disqualified the participant from
continuing in the study; however, there were no participants
who failed the screening for that reason.

Data analysis
To determine the effect of the wearable on perception of sleep
quality, we compared changes in baseline and 7- and 14-day
PROMIS sleep disturbance scores in a generalized linear mixed
model (SPSS v25.0; IBM, Armonk, New York) with (7-day)
time periods of wearing or not wearing the device as the de-
terminant variable andPROMIS sleepdisturbances scores as the
outcome variable adjusted for age, sex, order, and baseline
PROMIS sleep disturbances scores. To determine the accuracy
of the wearable to measure sleep variables, we performed
comparisons of the device and PSG for measuring sleep duration
and various sleep stages on the night of day 7 of study partici-
pation. We performed interclass correlation coefficient (ICC)
determination for sleep stages and compared them to limits of
agreement standards for interrater reliabilitymeasurements.24All
analyses were performed in a blinded manner to prevent bias.
P < .05 was significant. All data are provided as mean and
standard deviations unless otherwise specified.

Randomization schedule

A randomization schedule stratified by sex was generated
by the statistician using SAS PROC Plan (SAS, Cary, North
Carolina) and loaded into the REDCap database. The se-
quencewas concealed in that coordinators were unaware of the
next assignment until a participant consented and randomi-
zation was performed within the REDCap database by the
research coordinator.

Sample size justification

To our knowledge, there were no prior studies measuring the
behavioral modification of sleep habits by wearables in healthy
individuals, and we therefore performed this as a preliminary
study with intent to recruit 35 eligible participants.

RESULTS

In all, there were 35 eligible individuals enrolled; how-
ever, data are presented only on 32 individuals consider-
ing that 3 individuals were unable to undergo any of the
study-related activities because they were too busy (n = 1) or
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were not able to be reached after giving informed consent
(n = 2; Figure 1).25

Sleep quality and quantity
PROMIS sleep disturbance short form score decreased, sig-
nifying improved nighttime sleep quality, during the week
of wearing the device (intervention condition) compared with
not wearing the device after adjusting for age, sex, baseline
values, and order effect (Table 1). The unadjusted PROMIS

sleep disturbance short form score was 51.8 ± 3.0 when not
wearing the device versus 50.1 ± 2.8 when wearing the device
(P= .017). The change in PROMIS sleep disturbance scoreswas
–1.43 ± 2.95 during theweekwhenwearing thewearable versus
0.26 ± 2.63 when not wearing the device, with an adjusted
difference between conditions of 1.69 ± 0.71 (SE). The adjusted
reduction in PROMIS sleep disturbance score when wearing the
device was greater than 0.5 SD, suggesting that such a change is
meaningful. There were no sex differences or order effects noted

Figure 1—CONSORT diagram of flow pf participants through the randomized crossover clinical trial.

PSG = polysomnography.

Table 1—Regression models for self-reported sleep disturbance.

PROMIS Sleep Disturbance (n = 32) Contrast Estimate SE t Adjusted P Value Lower 95% CI Upper 95% CI

Watch* −1.69 0.71 2.38 .021‡ −3.11 −0.27

Women† −0.15 0.74 −0.20 .84‡ −1.63 1.33

Order −0.15 0.71 −0.21 .83 −1.58 1.27

Age 0

*Compared with control condition in generalized linear mixed models adjusted for age, sex, and order effect. †Compared with men. ‡P <.05. CI = confidence
interval, PROMIS = Patient-Reported Outcomes Measurement Information System, SE = standard error, t = t score.
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for changes in PROMIS sleep disturbance scores. Unadjusted
values for nighttime sleep quantity, wake after sleep-onset du-
ration (a measure of sleep fragmentation), time spent napping,
and total sleep over a 24-hour period are provided in Table 2.
After adjusting for age, sex, baseline values, and order effect,
the nighttime sleep duration tended to be lower during the
week of wearing the device compared with the week of not
wearing the device (P = .07;Table 3). Time spent awake after
sleep onset was not different during the two conditions
(Table 3). However, the duration spent napping was slightly
but statistically greater when wearing the device in contrast
to when not wearing the device (Table 3). In our study,
women participants reported greater time spent asleep
at night and over a 24-hour period of time than male

participants. Also, they tended to have lower wake after
sleep-onset time periods.

Strain (a measure of physical activity) increased for the
entire group over the course of the week when wearing the
device (P = .01; Figure 2), but there was a noticeable sex
difference between greater increase in men and a tendency for
reduced strain in women (Figure 2). Such measurements
were unavailable for the week when the device was not worn.
Heart rate variability increased over the course of the week
when the device was worn, with no noticeable sex differ-
ence (Figure 2). Total sleep duration measured objectively
by the wearable device over a 24-hour period was unchanged
over the course of the week, with no differences between the
sexes (P = .4).

Table 2—Unadjusted self-reported sleep information derived from sleep logs.

Condition (n = 32)
Nighttime Sleep (min) Naps (min) Wake After Sleep

Onset (min) Total Sleep (min)

Men Women Men Women Men Women Men Women

Watch
391 ± 82 435 ± 88* 19 ± 53 17 ± 48 16 ± 22 8 ± 14* 410 ± 92 452 ± 106*

421 ± 88† 17 ± 49 11 ± 17 438 ± 103

Control
399 ± 84 448 ± 87* 9 ± 32 11 ± 33 13 ± 27 8 ± 16* 408 ± 82 459 ± 94*

433 ± 88 10 ± 33 9 ± 20 443 ± 93

*In regression models, women had less wake after sleep-onset periods than men and greater nighttime and total sleep durations after adjusting for age,
order, and effect of wearing the watch (see Table 3). †Compared with control condition (P = .07; see Table 3).

Table 3—Regression models for self-reported sleep information.

Contrast Estimate SE t Value Adjusted P Value Lower 95% CI Upper 95% CI

Nighttime sleep (n = 32)

Watch* −13.13 7.28 1.80 .07‡ −1.18 27.44

Women† 51.96 12.27 3.40 .001§ 21.94 81.97

Order −14.32 13.83 −1.04 .30 −41.5 12.87

Age 1.87 0.75 2.51¶ .012§ 0.85 4.09

Total sleep in 24 hours (n = 32)

Watch* 6.77 8.51 0.796 .43 −9.96 23.51

Women† 50.63 15.08 3.36 .001§ 20.98 80.28

Order −10.47 13.81 −0.76 .45 −37.62 16.68

Age 1.55 0.76 2.03¶ .042§ 0.59 4.07

Naps (n = 32)

Watch* 3.21 1.41 −2.29 .023§ 0.45 5.98

Women† 0 0.001 0 1.0 −0.001 0.001

Order 3.21 1.41 2.29 .023§ 0.45 5.98

Age 0 0 0 1.0

WASO (n = 32)

Watch* 1.07 0.99 −1.07 .28 −3.03 0.89

Women† −4.71 2.30 −2.05 .041§ −9.23 −0.19

Order 2.13 2.08 1.02 .31 −1.98 6.23

Age 0.05 0.02 2.78¶ .006§ 0.023 0.09

*Compared with control condition in generalized linear mixed models adjusted for age, sex, and order effect. †Compared with men. ‡P < .10. §P < .05.
¶Z value. CI, confidence interval, SE = standard error, t = t value, WASO = wake after sleep onset.
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Device validation
The bias and precision errors for measuring nighttime sleep
duration (sleepquantity) and sleep fragmentation (sleepquality)
by the wearable compared with the PSG were low (Table 4).
Similarly, the accuracy of wearable-based measurements of
heart rate, respiratory rate, and heart rate variability were ex-
cellent compared with the gold-standard PSG (Table 4). The
ICC for scoring the various sleep stages between the two ex-
perienced blinded scorers was excellent (ICC, 0.91 ± 0.05). In
contrast, the ICC between the wearable and the consensus
scores of the blinded expert scorers was good (0.67 ± 0.15 [SD];
n = 32). However, the ICC was excellent for dream sleep

(0.85 ± 0.15) and good for slow wave sleep (0.74 ± 0.28).
The ICC for light nondream sleep was fair (0.63 ± 0.15).

DISCUSSION

Sleep quality and quantity
Our study found that a wrist-worn wearable device resulted in
improved perception of sleep quality (reduced sleep distur-
bance) in healthy volunteers. The mean reduction in PROMIS
sleep disturbance score was 1.69, which was greater than the
0.5 SD of the change in PROMIS sleep disturbance score,
suggesting that such a change is of moderate effect size and
meaningful.26,27 By design, we targeted healthy participants,
considering that these participants are representative of the
general population who are increasingly adopting such wear-
ables to monitor sleep. Therefore, such healthy participants are
less likely to have significant deviation of their PROMIS scores
from 50 (specifically, 51.8 + 3.0). This is because the PROMIS
t-scores are based on a score of 50, representing the mean of
the general population reference sample plus clinical sample.
Despite our sample having PROMIS scores close to the pop-
ulationmean, our study found that awrist-wornwearable device
resulted in improved perception of sleep quality (reduced sleep
disturbance) in healthy volunteers and a mean reduction in the
PROMIS sleep disturbance score of 1.69. Such a difference is
greater than the half (0.5) the standard deviation of the PROMIS
sleep disturbance score of 2.9, suggesting that such a change is
of moderate effect size and is a meaningful change.

The underlying mechanism for the observed improvement in
sleep quality (or reduction in sleep disturbance) is uncertain.
Conceivably, an improvement in sleep quality may have been
caused by the reduction in nighttime sleep duration, which by
restricting nighttime sleep duration, improved self-reported
sleep quality. Such findings are well described in individuals
with insomnia, with sleep restriction comprising an important
component of cognitive behavioral therapy for insomnia.28

Such reductions in sleep duration may have been facilitated
by the mobile phone application that is synchronized with the
wearable device and provides instructions to the participant the
next morning to advise them to increase or decrease their sleep
duration based on their recent sleep-wakefulness behaviors.
Although a placebo effect of the wearable on sleep quality is
feasible, the improvement of sleep quality accompanied by
sleep restriction supports a biological effect.

An alternative explanation for the observed improvement in
sleep quality may be that, when wearing the device, the par-
ticipants may have increased the degree of physical activity,
which, in turn, could have improved sleep quality. Prior studies
have shown that activity trackers combined with texting in-
formation may increase physical activity compared with
monitoring activity alone.29 Although in our study there was no
such messaging occurring, the participants got daily feedback
from the smartphone application regarding their previous day
and week of physical activity and that may have promoted them
to becomemore activewhenwearing the device. Such increased
physical activity, in turn, has been shown to improve nighttime
sleep quality.30 However, others have shown that wearables that

Figure 2—Heart rate variability and strain.

Heart rate variability (top) and strain (a measure of physical activity
derived from heart rate; bottom) are shown for women (green symbols)
and men (red symbols). During the 7 days of wearing the device, heart
rate variability measured by the device increased over time (top right;
black symbols; P = .01), and there were no sex differences, whereas
physical activity increased in men but not in women (bottom).
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track physical activity do not change sedentary behavior.31

Nevertheless, in our study, as a group, physical activity
(measured as strain by the device) based on increments in heart
rate increased over the course of the 7 days of wearing the
device. The application algorithms and notifications may have
played a role in suchobserved increase in physical activity in our
study. Such findings are in keeping with the observed im-
provements in heart rate variability over the 7-day period of
wearing the device (Figure 2) and the known positive asso-
ciation between increased physical activity and heart rate
variability.32 There were strong sex differences with greater
increments in physical activity in men compared with women
over the 7 days of wearing the device. If such physical activity
was indeed contributing to the observed improvement in self-
reported sleep quality, then sex differences in self-reported
sleep quality should have probably been observed as well.
Such sex differences in sleep quality were not evident in our
analyses (Table 2).

The observed sex differences in greater sleep duration in
young women compared with men was intriguing. A review of
the literature suggests that, unlike older women who have re-
duced sleep duration compared with men, younger women
report greater sleep duration than young men. In a recent study
involving 17,355 participants, Kuula et al33 reported that sleep
duration (measured by accelerometers) was greater in young
women than young men. A possible explanation is the earlier
onset and offset of puberty in women compared with men and
the observed earlier midpoint of sleep in women in relation to
men. Regardless of the underlying mechanisms, the observed
sex differences in sleep duration are externally valid.

Limitations
Our study has several limitations. The long-term effects
of wearables on sleep were not studied. Moreover, although
our study is generalizable to community-dwelling healthy
young individuals, it is not applicable to individuals with
chronic medical conditions or sleep disorders who were
specifically excluded.

Validation
Our methodologic validation study revealed that the wearable
device was accurate in measuring sleep quantity compared with
the gold standard PSG in healthy volunteers. The observed
differences were small, with low bias and precision errors. Such
findings can enable population-health management considering
that the data are cloud based and accessible centrally to health
coaches who can then tailor and implement interventions aimed at
abrogatingsleeplossandpoorsleepquality.Bothsleeplossandpoor
sleep quality have been associated with risk for obesity, diabetes
mellitus, adverse cardiovascular consequences, and evendeath.34–43

The accuracy of wearable devices inmeasuring sleep has a lot of
variability in the published literature. Although some have shown
unacceptablyhighvariability in theaccuracyofwearablescompared
with validated accelerometers that have been used to measure
sleep,11 others have demonstrated results comparable to ours.13

These validation studies are compounded by rapid changes in
technology from the same manufacturer and updates to their soft-
ware that prevent validation that is immediately generalizable to the
realworld.44 Considering the explosion of wearables andmobile
health (mHealth) applications aimed at improving sleep and
detecting sleep disorders, recent position statements from profes-
sional societies call for rigorous testing of such devices and software
against current gold standards and emphasize that, although pow-
erful, these tools are not substitutes for medical evaluation.9

Dream and slow wave sleep are important sleep stages that
are measured by PSG with good to excellent interobserver
reliability. However, the accepted ICC is still between 0.68 and
0.82, and the ICC is even lower for nondream sleep (nonrapid
eye movement [N1 and N2] or light sleep).23,45 To account for
such inter- and intrarater reliability issues with the PSG gold
standard, we considered only sleep stages thatwere unequivocally
scored as a particular sleep stage by 2 different expert observers
in a manner similar to other validation studies.46

CONCLUSIONS

Despite improvements in wearables for measuring sleep stages
and sleep fragmentation, such technologies are not accepted as

Table 4—Validation of wearable against the gold standard polysomnography for sleep and physiologic measurements.

Physiologic Measure
(n = 32)

Measurement Modality Bias Error
(Absolute Values)

Precision Error
(Absolute Values)PSG Wearable

Sleep suration 5.3 ± 1.1 h 5.53 ± 1.0 h 4.16% (13.8 min) 5.38% (17.8 min)

REM sleep duration 0.95 ± 0.37 h (17.9% of sleep) 0.94 ± 0.43 h (16.9% of sleep) 0.01% (0.6 min) 6.69% (4.4 min)

NREM sleep duration 4.35 ± 1.3 hours
(82.1% of sleep)

4.59 ± 1.2 hours
(83.1% of sleep)

5.5% (14.4 min) 7.8% (22 min)

Sleep fragmentation
(events/h)

1.2 ± 2.0 1.6 ± 0.9 0.48 2.4

Heart rate (beats/min) 66.0 ± 9.9 65.9 ± 9.8 −0.17% (−0.15) 1.6% (1.0)

Respiratory rate
(breaths/min)

15.6 ± 1.7 15.7 ± 1.7 1.8% (0.1) 6.7% (1.0)

Heart rate variability (ms) 57.6 ± 24.6 61.7 ± 30.2 8.4% (4.8) 9.7% (6.3)

Values are mean ± SD. NREM = non–rapid eye movement, PSG = polysomnography, REM = rapid eye movement.
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tools for measuring sleep duration in clinical practices where
sleep logs and PSGs are still in use. The regulatory oversight of
wearables and mHealth has many uncertainties, and therefore,
more validation and scientific assessments of the effects of
such devices on behaviors are needed.9 Our study is highly
responsive to such a need and demonstrates that wearables can
improve sleep quality and modify sleep behaviors while ac-
curately measuring sleep in healthy individuals.

ABBREVIATIONS

ICC, interclass correlation coefficient
PROMIS, Patient-Reported Outcomes Measurement

Information System
PSG, polysomnography
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