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SCIENTIFIC INVESTIGATIONS

Validation of sleep measurement in a multisensor consumer grade wearable

device in healthy young adults

Jennifer C. Kanady, PhD"?; Leslie Ruoff, BS'; Laura D. Straus, PhD'? Jonathan Varbel, BA'; Thomas Metzler, MA"; Anne Richards, MD"? Sabra S. Inslicht, PhD"?;
Aoife O’'Donovan, PhD"?; Jennifer Hlavin, MS"; Thomas C. Neylan, MD"?3

"San Francisco Veterans Affairs Health Care System, San Francisco, California; 2Department of Psychiatry, University of California, San Francisco, California; *Department of
Neurology, University of California, San Francisco, California

Study Objectives: Our objective was to examine the ability of a consumer-grade wearable device (Basis B1) with accelerometer and heart rate technology to

assess sleep patterns compared with polysomnography (PSG) and research-grade actigraphy in healthy adults.

Methods: Eighteen adults underwent consecutive nights of sleep monitoring using Basis B1, actigraphy, and PSG; 40 nights were used in analyses.
Discrepancies in gross sleep parameters and epoch-by-epoch agreements in sleep/wake classification were assessed.

Results: Basis B1 accuracy was 54.20 £ 8.20%, sensitivity was 98.90 + 2.70%, and specificity was 8.10 + 15.00%. Accuracy, sensitivity, and specificity for
distinguishing between the different sleep stages were 60-72%, 48-62%, and 57-86%, respectively. Pearson correlations demonstrated strong associations
between Basis B1 and PSG estimates of sleep onset latency and total sleep time; moderate associations for sleep efficiency, duration of light sleep, and duration of
rapid eye movement sleep; and a weak association for duration of deep sleep. Basis B1 significantly overestimates total sleep time, sleep efficiency, and duration
of light sleep and significantly underestimates wake after sleep onset and duration of deep sleep.

Conclusions: Basis B1 demonstrated utility for estimates of gross sleep parameters and performed similarly to actigraphy for estimates of total sleep time. Basis
B1 specificity was poor, and Basis B1 is not useful for the assessment of wake. Basis B1 accuracy for sleep stages was better than chance but is not a suitable
replacement for PSG assessment. Despite low cost, ease of use, and attractiveness for patients, consumer devices are not yet accurate or reliable enough to guide

treatment decision making in clinical settings.

Keywords: actigraphy, consumer wearable, photoplethysmography, polysomnogrrahy, sleep tracker, validation
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BRIEF SUMMARY

the accuracy of their sleep/wake assessment.

individual's natural environment.

Current Knowledge/Study Rationale: The popularity of consumer-grade wearable devices has increased, and many individuals use fitness trackers and
smart watches to record health behaviors, including sleep. In clinical settings, consumer devices are attractive to patients because of their ease of use and
integration with mobile and other devices. Despite the widespread popularity of consumer-grade wearable devices, relatively few studies have examined

Study Impact: The ability of consumer-grade wearable devices to accurately assess sleep would be invaluable to the clinical and research communities
because wearable devices are less expensive and more accessible than traditional sleep assessment and can be worn for extended periods of time in an

INTRODUCTION

Survey data indicate that nearly 75% of US consumers have
access to a device that monitors sleep and that consumers find
sleep patterns to be the most interesting behavior to track.'~
Despite the popularity of tracking sleep with a consumer device,
few studies have examined how accurately consumer devices
distinguish between sleep and wake. The ability of consumer
devices to track sleep patterns can potentially benefit the clinical
and research community by allowing for the easy collection of
larger sample sizes at a substantially lower cost than tradi-
tional polysomnography (PSG) and actigraphy. Additionally,
in clinical settings, consumer devices are attractive to patients
because of their ease of use and integration with mobile and
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other devices. However, few validation studies have been
performed, and the accuracy and reliability of these consumer
devices are unclear. Thus, the goal of the present study was to
compare sleep and wake measurements across a consumer
wearable device, PSG, and actigraphy.

The first generation of consumer wearable devices intro-
duced sleep measurement by way of accelerometry to the
general public. Using proprietary algorithms, these devices
provided estimates of sleep and wake using movement data.
Validation studies comparing first-generation consumer wearable
devices to PSG demonstrated that these devices performed sim-
ilarly to research-grade actigraphy; they tend to overestimate sleep
and underestimate wake.>” Given these findings, consumer
wearable devices may be a suitable replacement for traditional
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research actigraphy when assessing gross sleep parameters.
As actigraphy is the most widely used validated objective mea-
sure of sleep outside of the laboratory setting'® and has been
shown to be responsive to clinical interventions such as cog-
nitive behavioral therapy for insomnia,'' these results suggest
consumer devices could also have the potential to provide
helpful information about gross sleep parameters for clini-
cal providers.

The more modern class of consumer wearable devices often
includes the assessment of heart rate and heart rate variability in
addition to accelerometry. The addition of heart rate and heart
rate variability may not only increase the accuracy of sleep/
wake distinction but may also allow for the measurement of
different sleep stages. Heart rate and its variability vary as a
function of sleep stage. For example, during non-rapid eye
movement (REM) sleep, there is an increase in high-frequency
power and a decrease in low-frequency power of heart rate
variability; during REM sleep and wake, the opposite is
true.'>”'* Studies using research-grade devices have demon-
strated the benefits of heart rate and heart rate variability
assessment for sleep classification.'*'* However, it remains
less clear whether the addition of heart rate and heart rate
variability measurement adds to the accuracy of sleep detection
in consumer wearable devices. Results from several studies
suggest that consumer wearable devices with heart rate tech-
nology are comparable to actigraphy for the differentiation
between sleep and wake, but accurate detection of sleep stages
remains poor.*!>¢

The goal of the present study was to build on this literature
by further examining the ability of a consumer wearable device
with accelerometry and photoplethysmography (PPG)-based
heartrate technology to accurately assess sleep patterns in healthy
young adults. To achieve this goal, we assessed correspondence
between a consumer wearable device with accelerometry and
PPG (Basis B1), gold standard PSG, and research-grade actig-
raphy using both an automated scoring algorithm (ACT-auto)
and a human-adjusted sleep period (ACT-human) in a sample of
healthy young adults.

METHODS

Participants

Participants were recruited as part of a larger research study
(clinicaltrials.gov identifier: NCT01243060). Eighteen clini-
cally healthy, medication-free adults between the ages of 18 and
39 were included in the study (5 males, age: 26.8 + 3.4 years).
Participants had to be both medically and psychologically
healthy as assessed by a clinical history, physical examination,
and screening laboratory studies. Participants were also re-
quired to have a habitual bedtime between 2200 and 0000 hours
and a habitual wake time between 0600 and 0800 hours in the
last month to meet research diagnostic criteria for healthy
sleep,'” to have a body mass index of >18 or <28 kg/m?, and be
fluent in English. Exclusion criteria included the following:
(1) a current psychiatric disorder, a lifetime history of any psy-
chiatric disorder with psychotic features, or a history or alcohol
or substance use disorder within the last 2 years as assessed
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by the Structured Clinical Interview for DSM-IV disorders'?;
(2) pregnancy; (3) neurologic disorders; (4) systemic illness
affecting central nervous system function; (5) cardiovascular
disease, hypertension, and/or high blood pressure; (6) current
use of prescription or over-the-counter substances with psy-
choactive properties; (7) asthma or other reactive airways
diseases; (8) self-reported history of caffeine use in excess of
400 mg/d on average; (9) working night shifts or extreme
morning or evening tendencies; (10) sleep disorders as assessed
by validated self-report measures'*' and PSG (participants
with an apnea-hypopnea index >10 and/or >25 events/h were
excluded); and (11) habitual long sleepers (>9 h/night) and short
sleepers (<5 h/night).

Procedure
Data were collected as part of the larger research study refer-
enced above. The Committee on Human Research at the University
of California, San Francisco and the San Francisco Veterans
Affairs Medical Center approved all study procedures. Before
completing study procedures, informed consent was obtained.
Participants underwent 3 consecutive nights of simultaneous
sleep monitoring using PSG, actigraphy (Micro Motionlogger
Watch, Ambulatory Monitoring, Inc., Ardsley, NY), and a
consumer wearable device (Basis B1, Basis Science, Inc., San
Francisco, CA) in a controlled hospital setting at the University
of California, San Francisco Parnassus Clinical Research
Center. The actigraph and wearable device were placed side by
side on the nondominant wrist. A total of 88 nights of concurrent
PSG, actigraphy, and Basis B1 nights were collected. Before
initiating data collection, Basis Science, Inc. agreed to provide
us with 30-second epoch-by-epoch analyses from a random
selection of 44 nights from these recordings. Basic Science, Inc.
used the remainder of the data to further refine their algorithms.
Following completion of data collection, Basic Science, Inc.
provided us with a total of 41 nights of epoch-by-epoch analyses
across 18 participants (8 participants with 3 nights of data, 7
participants with 2 nights of data, and 3 participants with 1 night
of data); 3 nights were excluded because of irretrievable and/or
corrupt data. For concordance analyses, the 3 devices were
synced using PSG lights-out and lights-on times (eg, PSG lights
out and lights on determined time in bed).

Basis B1

Each participant was fitted with a Basis B1 device, placed on the
nondominant hand for the duration of the overnight recordings.
Basis B1 devices consist of a sweat-proof, water-resistant
wristband and are designed to be worn 24 h/d, 7 d/wk. The Basis
B1 comes equipped with several sensors that provide PPG
measurements of optical blood flow, 3-axis accelerometry, skin
temperature, and galvanic skin response. Using proprietary
algorithms, Basis B1 calculates sleep using input from both
accelerometry and PPG heart rate technology. Basis Science,
Inc. provided us with a 30-second epoch-by-epoch analysis of
wake, light sleep (LS), deep sleep (DS), and REM sleep (RS)
from Basis B1. These data were used in our epoch-by-epoch
comparisons of sleep stage estimates across Basis B1 and PSG.
For the epoch-by-epoch analysis of sleep versus wake, we
collapsed Basis B1 epochs of LS, DS, and RS into a single all
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sleep category. From these epoch-by-epoch data, we also cal-
culated summary sleep variables of total sleep time (TST;
number of minutes spent asleep after sleep onset), sleep onset
latency (SOL; number of minutes to fall asleep after getting into
bed), wake after sleep onset (WASO; number of minutes spent
awake after sleep onset), sleep efficiency (SE; total sleep time
divided by time in bed), duration of LS (TST-LS; number of
minutes spent in LS following sleep onset), duration of DS
(TST-DS; number of minutes in DS following sleep onset), and
duration of RS (TST-RS; number of minutes in RS following
sleep onset) using standard criteria within the field. Notably,
some of the Basis B1 epochs were coded as unknown sleep
(0.27% of total epochs), and some epochs contained no in-
formation and were left blank (1.06% of total epochs). These
epochs were removed from statistical analyses.

Actigraphy

All participants were also fitted with a research-grade actigraph
(Micro Motionlogger; Ambulatory Monitoring, Inc.), worn on
the nondominant wrist throughout the duration of overnight
recordings. Actigraphs were configured to collect data using the
zero-crossing mode. Sleep was scored using the Cole-Kripke
algorithm, and the down intervals (eg, time in bed) were
established using PSG light-out and lights-on times. The sleep
period (eg, sleep onset to sleep offset) was calculated in 2
different ways. The first was using the automatic down interval
scoring algorithm provided by the software program, ActionW
2.7 (ACT-auto), which creates sleep periods during periods of
consistent low activity when the participant appears to be
sleeping. The second scoring method was a human-modified
sleep period created by using information from activity output
from the actigraph (ACT-human). More specifically, the start
of the sleep period was modified to start at an activity level of
40 or less followed by at least 5 minutes of low activity and the
end of the sleep period was modified to end at activity level of
200 or greater followed by at least 5 minutes of high activity.'**
Two independent and experienced raters created these human-
modified sleep periods. When there were discrepancies between
raters, the data were re-evaluated until a consensus was agreed
on. The sleep variables examined from actigraphy were an
epoch-by-epoch analysis of sleep versus wake and the sleep
variables TST, SOL, WASO, and SE.

Polysomnography

Participants underwent 3 consecutive nights of ambulatory
PSG sleep recording with the Embla Titanium (Natus Neurology,
Middleton, WI) using the American Academy of Sleep Med-
icine standards.”* The montage included scalp electroenceph-
alogram electrodes (F3, F4, C3, C4, O1, O2) referenced to
contralateral mastoids, 2 electrooculogram electrodes, 3 sub-
mental muscle tone electromyogram (EMGQG) electrodes, and
2-point electrocardiogram (EKG) electrodes. Electroencepha-
logram, EMG, and electrooculogram signals were sampled at
256 Hz; electroencephalogram and electrooculogram were
filtered at 0.3-35 Hz; and EMG was filtered at 10—100 Hz. The
first night of PSG recording included additional sensors, spe-
cifically 4 bilateral EMG sensors on the anterior tibialis, 2 re-
spiratory effort belts using inductance plethysmography on the
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chest and abdomen, a thermistor and nasal cannula pressure
transducer, and a pulse oximeter for detection of oxygen
desaturation events, to screen for potential sleep apnea, periodic
leg movement disorder, and/or restless legs syndrome. Two
registered polysomnographic technologists visually scored the
PSG data in 30-second epochs according to standard criteria.?®
To compare Basis B1 staging data of LS, DS, and RS to PSG
staging data, PSG sleep stages N1 and N2 were combined into
LS, PSG-measured stage 3 sleep was considered DS, and PSG-
measured REM sleep was considered RS. To conduct an epoch-
by-epoch comparison of PSG and actigraphy, 30-second epochs
in PSG were time locked and transformed to 1-minute epochs. If
a 1-minute epoch consisted of both sleep and wake, we scored
the epoch as wake. The other PSG sleep outcome variables
included TST, SOL, WASO, SE, TST-LS, TST-DS, and TST-
RS. All available nights of data, including the screening night,
were included in the analyses to increase the power of the study.

Statistical analyses

Consistent with previous validation studies,’”’ we synchro-
nized Basis B1, actigraphy, and PSG data collection by ini-
tializing the actigraph and Basis B1 on the same computer as
PSG acquisition. Basis Science, Inc. provided us with a docking
station that allowed the Basis B1 to connect to the PSG ac-
quisition computer via USB. A total of 40 nights was used in
data analyses comparing Basis B1 and PSG. We excluded 1
night of data because the PSGrecording ended prematurely. The
final selection of data included 3 nights of data from 8 partic-
ipants, 2 nights of data from 6 participants, and 1 night of data
from 4 participants (totaling 40 nights across 18 participants).
Of the 40 nights, 37 nights were used to compare Basis B1,
PSG, and actigraphy because a single participant declined to
wear both wrist devices at the same time for all 3 nights.

Accuracy, sensitivity, and specificity

An epoch-by-epoch analysis for the time in bed period was
conducted to determine global sensitivity and specificity of the
Basis B1 device compared with PSG, ACT-auto compared with
PSG, and ACT-human compared with PSG. To statistically
account for the clustering of epochs within nights of sleep from
the same participant, we used a mixed effect logistic regression
model with random night effects to estimate sensitivity and
specificity.>* This was done by calculating the probability of
an epoch being scored as sleep by Basis B1 or actigraphy given
that it was scored as sleep by PSG (sensitivity) and the prob-
ability of an epoch being scored as wake by Basis Bl or
actigraphy given that it was scored as wake by PSG (specificity).
Other validation studies have often also included an assess-
ment of accuracy (the agreement rate between PSG and Basis
B1 or PSG and actigraphy, calculated as [true positive + true
negative]/[true positive + true negative + false negative + false
positive]). We argue that accuracy assessments can often be
misleading and often indicate that devices are performing better
than they actually are because of accuracy being calculated
during a sleep period when a person is asleep for most ofthe time
(eg, if the device reports sleep 100% of the time, the device will
have high accuracy). Thus, we included an assessment of area
under the curve (AUC) to measure device accuracy. An AUC of
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1 indicates perfect agreement; an AUC of 0.50 indicates no
better than chance. We also calculated sensitivity, specificity,
and accuracy (AUC) for LS, DS, and RS sleep to examine the
ability of Basis B1 to determine epoch-by-epoch sleep stages
compared with PSG. Because these calculations require binary
variables, we collapsed these different states into 2 categories:
(1) the sleep stage of interest and (2) everything else (eg, other
sleep stages and wake).

Basis B1, actigraphy, and PSG sleep variables

Pearson correlations were used to compare means for PSG-
recorded TST, SOL, WASO, and SE to Basis B1, ACT-auto,
and ACT-human measurements of these constructs. Pearson
correlations were also used to examine correspondence between
Basis B1 and PSG means for TST-LS, TST-DS, and TST-RS.

The Bland-Altman

The agreement between Basis Bl and PSG sleep parameter
estimates was calculated using the Bland-Altman technique.>°
We used the Bland-Altman technique to plot the difference
between Basis B1 and PSG (Basis B1 minus PSG) against the
gold standard PSG measurement for each sleep variable (ie,
TST, SOL, WASO, SE, TST-LS, TST-DS, TST-RS) to de-
termine whether there was a bias in Basis B1. The mean dif-
ference, standard deviation, 95% confidence intervals of the
bias, and lower and upper agreement limits were calculated for
each sleep variable. The Basis B1 bias is represented as the mean
difference between Basis B1 and PSG, with a negative mean
difference representing an underestimation and a positive
mean difference representing an overestimation. Bland-Altman
analyses were also calculated to compare agreement between
PSG and ACT-auto and PSG and ACT-human for TST, SOL,
WASO, and SE using the same methods highlighted above.

RESULTS

Accuracy, sensitivity, and specificity

Results from the global epoch-by-epoch analyses comparing
Basis B1, ACT-auto, and ACT-human to PSG are presented
in Table 1. Global accuracy of the Basis B1 device for dis-
tinguishing all sleep and wake epochs was only slightly better
than chance at 54.2% and was approximately 10% less than the
accuracy of ACT-auto (64%) and ACT-human (66%). Global
sensitivity of the Basis B1 was high (99%) and was comparable
to sensitivity values for ACT-auto and ACT-human. Global

Validation of a multisensor device for sleep

specificity of the Basis B1 was extremely low at 8.10% and was
substantially lower than actigraphy specificity (29.8-30.1%)
Results from the epoch-by-epoch analyses between Basis B1
and PSG assessments of LS, DS, and RS sleep are presented in
Table 2. Basis Bl accuracy values for LS, DS, and RS were
modest and ranged from 60 to 72%. Accuracy was highest for
RS (72%); followed by DS (68%), and then LS (60%). Basis B1
sensitivity values for the different sleep stages fell within the
poor to moderate range, with the highest sensitivity ratings for
LS (62.10%), followed by RS (57.90%), and then DS (48.80%).
Specificity was high for RS and DS at 85.90% and 86.70%,
respectively. Specificity for LS was poor at 57.50%.

Basis B1, actigraphy, and PSG sleep variables

Results from Pearson correlations examining associations be-
tween PSG and Basis B1, PSG and ACT-auto, and PSG and
ACT-human sleep variable estimates are presented in Table 3.
Pearson correlations demonstrated a strong association between
Basis B1 and PSG estimates of TST (»=.82) and SOL (r=.71),
weak-to-moderate associations for estimates of SE (»=.27) and
TST-LS (r =.29), and weak associations for TST-RS (r=.19),
TST-DS (r = .15), and WASO (7 = .01). The associations be-
tween Basis Bl and PSG estimates of TST and SOL are
comparable to the association between PSG and ACT-auto and
PSG and ACT-human. Associations between Basis Bl and
PSG estimates of WASO and SE are numerically weaker than
the associations between actigraphy and PSG for the same
sleep variables.

The Bland-Altman

Table 4 contains means and standard deviations for the sleep
variables of interest across devices and results from Bland-
Altman analyses. Bland-Altman analyses revealed that Basis
B1 significantly overestimated TST (mean difference = 15.11
minutes, P <.01), SE (mean difference =4.00%, P <.01), and
TST-LS (mean difference = 16.14 minutes, P = .01) and sig-
nificantly underestimated WASO (mean difference = —15.11
minutes, P < .01). Although not statistically significant, Basis
B1 also underestimated TST-DS (mean difference = —8.64
minutes, P =.11) and SOL (mean difference = —2.28 minutes,
P=.12)and overestimated RS (mean difference =5.18 minutes,
P = .20). These findings parallel biases found when using
actigraphy. Both ACT-auto and ACT-human significantly over-
estimated TST and SE and underestimated WASO compared
with PSG. Complementary Bland-Altman plots for Basis Bl
and PSG can be found in Figure 1.

Table 1—Epoch-by-epoch sleep-wake classification agreement between Basis B1 and PSG and actigraphy and PSG.

Global Sleep/Wake Assessment Basis B1 vs PSG ACT-auto vs PSG ACT-human vs PSG
Global accuracy (AUC; % + SD) 54.2 £8.2% 63.7 £ 12.8% 65.8 £ 15.1%
Global sensitivity (% + SD) 989 +2.7% 98.6 +1.1% 98.6 + 1.2%
Global specificity (% + SD) 8.1+ 15.0% 30.1 £26.1% 29.8 +26.8%

Accuracy is represented by AUC; sensitivity is the ability to detect true sleep compared with PSG; and specificity is the ability to detect true wake compared
with PSG. ACT-auto = actigraphy automatically scored by the software program, ACT-human = human-adjusted actigraphy scoring, AUC = area under the

curve, PSG = polysomnography.
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Table 2—Accuracy, sensitivity, and specificity percentages for Basis B1 measurements of LS, DS, and RS compared with PSG.

Basis B1 Sleep Stages Accuracy (AUC) (% * SD) Sensitivity (% * SD) Specificity (% * SD)
Basis B1 LS 60.00 £ 5.50% 62.10 £ 7.40% 57.50 £ 7.50%
Basis B1 DS 67.80 £ 8.30% 48.80 + 15.90% 86.70 £ 5.20%
Basis B1 RS 72.10 £ 9.00% 57.90 £ 14.10% 85.90 + 4.60%

Accuracy is represented by AUC; sensitivity is the ability to detect the sleep stage of interest compared with PSG; and specificity is the ability to detect everything
but the sleep stage of interest compared with PSG. AUC = area under the curve, DS = deep sleep, LS = light sleep, PSG = polysomnography, RS = rapid eye

movement sleep.

Table 3—Correlation matrix demonstrating correspondence of Basis B1, ACT-auto, and ACT-human assessment of sleep

variables with PSG assessment of the same sleep variables.

PSG Sleep Variables Basis B1 ACT-auto ACT-human

TST r=.82,95% CI[0.69 to 0.91] r=.83, 95% CI [0.68 to 0.91] r=.87,95% CI [0.75 to 0.93]
SOL r=.71,95% CI [0.50 to 0.84] r=.72,95% CI [0.50 to 0.85] r=.67,95% CI [0.42 to 0.82]
WASO r=.01,95% Cl [-0.31 to 0.33] r=.50, 95% CI [0.19 to 0.72] r=.51,95% CI [0.21 to 0.73]
SE r=.27,95% Cl [-0.06 to 0.55] r=.61,95% CI [0.33 to 0.79] r=.59, 95% CI [0.31 to 0.78]
TST-LS r=.29, 95% CI [-0.04 to 0.56]

TST-DS r=.15,95% CI [-0.18 to 0.45]

TST-RS r=.19, 95% CI [-0.14 to 0.48]

Cl = confidence interval, ACT-auto = actigraphy automatically scored by the software program, ACT-human = human-adjusted actigraphy scoring, SE = sleep
efficiency, TST = total sleep time, TST-DS = duration of deep sleep, TST-LS = duration of light sleep, TST-RS = duration of REM sleep, WASO = wake after

sleep onset.

Table 4—Sleep variable means across devices; sleep variable mean differences for Basis B1 vs PSG, ACT-auto vs PSG, and

ACT-human vs PSG derived from Bland Altman; and a comparison of mean differences across devices.

Mean Differences
Gross Sleep PSG Basis B1 ACT-auto | ACT-human | Basis B1vs PSG | ACT-auto vs PSG | ACT-human vs
Parameters (Mean * SD) | (Mean £SD) | (Mean * SD) | (Mean * SD) (Bias % SD, (Bias % SD, PSG (Bias * SD,
[95% CI) [95% CI]) [95% CI])
TST 433.84 + 31.80 | 448.95 + 33.52 | 450.24 + 35.50 | 448.10 + 37.80 15.11 £ 19.42, 1417 £ 16.22, 12.02 + 15.47,
[8.93, 21.28] [8.63, 19.70] [6.74, 17.29]
SOL 17.65+10.70| 15.36 +11.80 | 16.92+9.14 | 17.76 + 10.44 -2.28 + 8.60, -0.37 £ 7.69, 0.47 + 8.83,
[-21.28, -8.93] [-3.04, 2.29] [-2.56, 3.49]
WASO 21.88 +14.47| 6.77 £13.10| 7.18+8.00 6.97 +7.89 -15.11 £ 19.42, -15.11 + 13.06, -15.32 £ 12.92,
[-21.28, -8.93] [-19.65, -10.65] [-19.73, -10.91]
SE 91.74 £434 | 9537 +£422 | 98.38+1.86 | 9842+ 1.84 4.00 £ 5.00, 3.00 % 4.00, 3.00 % 4.00,
[2.00, 5.00] [2.00, 5.00] {2.00, 4.00]
TST-LS 220.80 + 34.75 | 236.95 + 27.56 16.14 £ 37.62,
[4.18, 28.11]
TST-DS 107.86 £ 18.05| 99.21 + 30.17 -8.64 + 32.78,
[-19.07, 1.78]
TST-RS 105.18 £ 23.15| 110.37 £ 13.13 5.18 + 24.38,
[-2.57, 12.94]

Lower limit and upper limit, lower and upper agreement (mean difference + 1.96 SD). ACT-auto = actigraphy automatically scored by the software program,
ACT-human = human-adjusted actigraphy scoring, Cl = confidence interval, ACT-auto = actigraphy automatically scored by the software program, ACT-human =
human-adjusted actigraphy scoring, SE = sleep efficiency, TST =total sleep time, TST-DS = duration of deep sleep, TST-LS =duration of light sleep, TST-RS =

duration of REM sleep, WASO = wake after sleep onset.

DISCUSSION

The goal of the present study was to determine the ability of
a multisensor consumer wearable device (Basis B1) with ac-
celerometer and PPG technology to accurately assess sleep

Journal of Clinical Sleep Medicine, Vol. 16, No. 6

patterns in a sample of healthy young adults. Results from this
study demonstrated that Basis B1 showed some utility for es-
timates of gross sleep parameters and performed similarly
to actigraphy for estimates of total sleep time. However, the
specificity of Basis B1 was extremely poor, suggesting that
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Figure 1—Bland-Altman plots for TST, SOL, WASO, SE, TST-LS, TST-DS, and TST-S recorded by Basis B1 and PSG.
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Mean bias of the differences between Basis B1 and PSG outcomes are demonstrated by a solid black line, and lower and upper agreement limits
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onset latency, TST = total sleep time, TST-DS = duration of deep sleep, TST-LS = duration of light sleep, TST-S = duration of REM sleep, WASO = wake

after sleep onset.

Basis B1 is not able to provide accurate measurements of wake
during sleep periods. Given that Basis B1 and actigraphy
performed similarly, the addition of PPG technology does
not seem to improve the accuracy of sleep and wake detection,
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at least in this particular consumer wearable device. In terms of
distinguishing between the different epoch-by-epoch sleep stages,
the Basis B1 performed similarly to other wearable devices using
PPG technology® and performed better than chance. However,
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Basis B1, a consumer wearable device with accelerometry and
PPG technology, is not a suitable replacement for gold standard
PSG assessment in clinical and research settings.

Epoch-by-epoch analyses revealed that Basis Bl has ex-
cellent sensitivity (98.9%), only slightly better than chance
accuracy (54.2%), and extremely poor specificity (8.1%). These
results demonstrate that Basis B1 can accurately identify sleep
epochs, but its ability to correctly identify wake epochs during
the sleep period in our sample of healthy sleepers was extremely
poor. ACT-auto and ACT-human specificity values were also
poor at 30.1% and 29.8%, respectively. However, these values
are substantially higher than specificity of Basis B1. Therefore,
research-grade actigraphy is the better choice when trying to
capture wake during sleep periods. Notably, accuracy, sensitivity,
and specificity values are likely influenced by the fact that we
conducted epoch-by-epoch analyses only for defined sleep periods.
These values would likely change when examining epoch-by-epoch
comparisons across a 24-hour day when an individual is not asleep
for most of the time. To our knowledge, no studies have conducted
these types of analyses using PSG as the gold standard comparison.

In terms of the accuracy of Basis B1 to correctly identify the
different sleep stages, Basis B1 performed better than chance.
Sensitivity was highest for light sleep at 62.1% and is com-
parable to previous studies using heart rate variability
technology.®'* This result may be partially influenced by the
fact that most of the sleep period consists of LS and thus has
more opportunity to be correctly identified. Sensitivity values
for DS and RS fell within the poor range at 48.8% and 57.9%,
respectively. Results from previous studies examining sensi-
tivity of devices with heart rate variability sensors for the de-
tection of DS and RS vary. For example, Fonseca et al'* found a
deep sleep sensitivity value 0f63.9% and REM sensitivity value
0f 70.7% in a sample of healthy middle-aged adults, which are
higher than the sensitivity values reported here. Cook et al®
found poorer sensitivity values than reported here (deep sleep
sensitivity of 49% and REM sensitivity of 30%) in individuals
with excessive daytime sleepiness. These mixed findings
demonstrate that performance of devices that measure heart rate
variability can vary depending on device technology, the al-
gorithms used, and the populations studied.

Basis Bl performed better when estimating gross sleep
parameters. Associations between Basis B1 and PSG estimates
of TST (r = .82) and SOL (r = .71) were strong and were
comparable to associations between PSG and actigraphy for
the same sleep variables. The association between Basis Bl
and PSG estimates of SE was weak to moderate (» = .27) and
was weaker than the association between PSG and actigraphy
for estimates of SE. This is likely driven by Basis B1 mea-
surement of WASO. The association between PSG and Basis
B1 WASO was extremely weak (» = .01), which undoubtedly
influenced estimates of SE. Bland-Altman analyses demon-
strated that Basis B1 significantly overestimated TST by an
average of 15.11 minutes and SE by an average of 4% and
significantly underestimated WASO by an average of 15.11
minutes. Parallel findings were found for ACT-auto and ACT-
human. Taken together, these results suggest that Basis B1 may
have some usefulness for the assessment of gross sleep pa-
rameters, with the exception of WASO.
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Results from analyses examining Basis B1 measurement of
WASO are interesting. Mean WASO derived from Basis Bl
(6.77 minutes) was not significantly different than mean WASO
from ACT-auto (7.18 minutes) and ACT-human (6.97 minutes).
However, specificity (eg, the ability to identify wake epochs
during the sleep period) of Basis B1 was extremely low (8.1%),
and the association between Basis Bl WASO and PSG was
extremely weak (» = .01) and remarkably lower than associa-
tions between PSG and actigraphy assessments of WASO.
These results demonstrate that Basis B1 is estimating a similar
amount of WASO as actigraphy but is not correctly identify-
ing the specific wake epochs (eg, when the WASO occurs). One
possibility is that the Basis B1 is scoring sleep stages with more
movement (eg, lighter sleep stages) as wake and is scoring
motionless periods of wake as sleep. If the latter possibility is
true, then the addition of PPG to a consumer wearable device is
not improving measurement of ambivalent epochs that are not
accurately captured by accelerometry (eg, sleep vs quiet
wakefulness). Furthermore, the inability of the Basis Bl to
capture WASO indicates that multisensor consumer wearable
devices are not yet appropriate for sleep assessment in clinical
populations (eg, insomnia, sleep apnea).

There are several limitations to this study. First, the sample
consisted of 18 healthy adults. Previous validation studies using
actigraphy and consumer wearable devices have demonstrated
that these devices perform best in healthy, young sleepers.’?’
Thus, results from this study are likely not generalizable to other
populations (eg, older adults, individuals with insomnia).
Second, because Basis Science, Inc. provided us with arandom
selection of 41 nights, there was unbalanced data distribution
across participants. Third, our results cannot extend to other
consumer wearable devices because technology and algo-
rithms likely differ across different manufacturers and models.
This may partially explain the mixed findings regarding dif-
ferences in accuracy, sensitivity, and specificity values across
studies. Fourth, it is possible that the devices desynchronized
across the night. However, we believe that this is highly un-
likely, and our synchronization methods are similar to other
validation studies.?”” Fifth, epoch-by-epoch comparisons were
calculated for a defined sleep period, which contains mostly
sleep and very little wake. Measurements of accuracy, sensi-
tivity, and specificity would likely change if assessed across
a 24-hour day (eg, the ability of a device to capture short
daytime naps>®).

The present study adds to the literature examining the ability
of multisensory consumer wearable devices to accurately
measure sleep and wake. Results from this study suggest that
wearable devices with accelerometer and heart rate technology
are not yet a suitable replacement for traditional actigraphy and
PSG sleep assessment in clinical or research settings. Although
the Basis B1 demonstrated utility for the assessment of gross
sleep parameters, the inability of the device to capture wake after
sleep onset is a huge limitation of this methodology. Despite low
cost, ease of use, and attractiveness for patients, consumer
devices such as the Basis Bl are not yet accurate or reliable
enough to guide treatment decision making in clinical settings.
Further studies are needed to validate the usefulness of con-
sumer wearable devices for sleep assessment.
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ABBREVIATIONS

ACT-auto, automated scoring algorithm for actigraphy
ACT-human, human-adjusted sleep period for actigraphy
AUC, area under the curve

DS, deep sleep

EKG, electrocardiogram

EMG, electromyogram

LS, light sleep

PPG, photoplethysmography

PSG, polysomnography

REM, rapid eye movement

RS, REM sleep

SE, sleep efficiency

SOL, sleep onset latency

TST, total sleep time

TST-DS, deep sleep total sleep time

TST-LS, light sleep total sleep time

TST-RS, REM sleep total sleep time

WASO, wake after sleep onset
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