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SLEEP-TRACKING TECHNOLOGY COMPARED WITH PSG IN ADOLESCENTS

Validation of Sleep-Tracking Technology Compared with Polysomnography in
Adolescents

Massimiliano de Zambotti, PhD'; Fiona C. Baker, PhD'?; lan M. Colrain, PhD"?

!Center for Health Sciences, SRI International, Menlo Park, CA; *Brain Function Research Group, School of Physiology, University of the
Witwatersrand, Johannesburg, South Africa; *Melbourne School of Psychological Sciences, University of Melbourne, Parkville, Victoria, Australia

Study Objectives: To evaluate the accuracy in measuring nighttime sleep of a fitness tracker (Jawbone UP) compared to polysomnography
(PSQG).

Design: Jawbone UP and PSG data were simultaneously collected from adolescents during an overnight laboratory recording. Agreements
between Jawbone UP and PSG sleep outcomes were analyzed using paired t tests and Bland-Altman plots. Multiple regressions were used to
investigate which PSG sleep measures predicted Jawbone UP “Sound sleep” and “Light sleep.”

Setting: SRI International Human Sleep Laboratory.

Participants: Sixty-five healthy adolescents (28 females, mean age + standard deviation [SD]: 15.8 £ 2.5y).

Interventions: N/A.

Measurements and Results: Outcomes showed good agreements between Jawbone UP and PSG for total sleep time (mean differences + SD:
-10.0 £ 20.5 min), sleep efficiency (mean differences + SD: -1.9 £ 4.2 %), and wake after sleep onset (WASO) (mean differences + SD: 10.6 +
14.7 min). Overall, Jawbone UP overestimated PSG total sleep time and sleep efficiency and underestimated WASO but differences were small
and, on average, did not exceed clinically meaningful cutoffs of > 30 min for total sleep time and > 5% for sleep efficiency. Multiple regression
models showed that Jawbone UP “Sound sleep” measure was predicted by PSG time in N2 (8 = 0.25), time in rapid eye movement ( = 0.29), and
arousal index (B = -0.34). Jawbone UP “Light sleep” measure was predicted by PSG time in N2 (8 = 0.48), time in N3 (B = 0.49), arousal index
(B =0.38) and awakening index (B = 0.28). Jawbone UP showed a progression from slight overestimation to underestimation of total sleep time
and sleep efficiency with advancing age. All relationships were similar in boys and girls.

Conclusions: Jawbone UP shows good agreement with polysomnography in measures of total sleep time and wake after sleep onset in
adolescent boys and girls. Further validation is needed in other age groups and clinical populations before advocating use of these inexpensive

and easy-to-use devices in clinical sleep medicine and research.

Keywords: actigraphy, adolescence, fitness tracker, polysomnography, sleep
Citation: de Zambotti M, Baker FC, Colrain IM. Validation of sleep-tracking technology compared with polysomnography in adolescents. SLEEP

2015;38(9):1461-1468.

INTRODUCTION

Polysomnography (PSG) is the gold standard for evaluating
sleep in basic and clinical sleep research. However, there are
several disadvantages of this technique; it is expensive, intru-
sive, time consuming for individuals and evaluators, imprac-
tical for long-term in-laboratory and at home recordings, and
has limited availability. These limitations have led to the de-
velopment of other methodologies to objectively evaluate sleep.

Wrist actigraphy is firmly established as the main alternative
to PSG, particularly in a non-laboratory setting. Actigraphy is
based on the assumption that people move most during wake
states with a progressive reduction in motion as they approach
the deepest stages of sleep, such that sleep/wake states may be
discriminated by measuring and analyzing these movements.'
Actigraph devices are relatively accessible in terms of cost, are
easy to use, and can be worn for prolonged period of time (24
h/day for more than 1 w) providing an exhaustive picture of
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sleep/wake cycles. Also, actigraphy does not require any par-
ticular effort from individuals and can be used in their natural
environment. Several actigraph devices are available on the
market having different levels of agreement with PSG, which
mainly depend on the scoring algorithm used.? Even though
actigraphy shows a limited ability to detect wakefulness after
sleep onset (low specificity) with a decrease in accuracy asso-
ciated with an increase in wake time?; the ability of detecting
sleep states (sensitivity) is relatively good in adults.* ¢
Actigraphy has also been validated in pediatric populations’;
however, there are challenges unique to this population. Ado-
lescence is characterized by dramatic changes in sleep duration,
timing, and composition.®’ With advancing age, adolescents
tend to go to bed later, have a shorter sleep duration, and show
a ~40% reduction in slow wave sleep (SWS).!® Motor activity
is highest in epochs of waking and Stage 1 sleep, and dura-
tion of immobility is longest in SWS'" and thus, the marked
age-related changes in sleep architecture across adolescence
may affect the algorithms used by actigraphic devices to detect
sleep/wake patterns. A recent study reported age-dependent
changes in the agreement between PSG and actigraphy, with
actigraphic devices underestimating total sleep time (TST) in
preschoolers and school-aged children (age 6—12 y) and over-
estimating TST in adolescents (age 13—-18 y).”* Also, within
adolescents, Short and colleagues' found changes in the agree-
ment between subjective and actigraphic WASO with pubertal
status; higher agreement was found in less pubertally mature
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boys than in more mature adolescent boys. Sex also may af-
fect the accuracy of actigraphy. Adolescent boys move more
than girls during sleep," leading to inflated amounts of WASO
being scored with actigraphy compared with PSG in boys."
Adherence is another challenging issue in pediatric popula-
tions. In an investigation of how many nights are necessary to
provide reliable actigraphic data in children and adolescents,
Acebo and colleagues'® showed that noncompliance together
with illness and technical problems contributed to a loss of
28% of weekly actigraphic data; these authors suggested that
at least 7 nights are necessary to obtain 5 nights of reliable
actigraphic data.

In recent years, the increasing availability of novel wearable
health technology' > and in particular the explosion of fitness
trackers (e.g. Fitbit Flex, Nike+ FuelBand, Jawbone UP band,
Garmin vivofit, Misfit shine, and flash) has made actigraphy
available to the general population and it is now considered
normal to track one’s daily activity and sleep and receive feed-
back about one’s overall health. This technology, with three-
axis accelerometer sensors, high memory storage capability,
and a high sampling rate, offers an inexpensive, appealing,
and accessible way to measure sleep with simple interfaces
with a dedicated app that runs on iPhones, iPod, iPad, Android
phones, and other devices. Although the spread of wearable
sleep tracking technology opens the possibility of recording
sleep on a large scale, it remains to be determined how accu-
rately these devices assess sleep and wake."”'

To our knowledge, among the commercially available ac-
tivity trackers, the reliability and validity of only one device
(Fitbit Flex) has been tested against PSG and actigraphy.
The study authors simultaneously recorded PSG, actigraphic,
and Fitbit data from a single laboratory-based overnight re-
cording in 24 healthy adults (age range: 19—41 y). They showed
that both Fitbit and actigraphs had a high sensitivity. Also,
similar to actigraphy, Fitbit overestimated sleep efficiency
(mean + standard deviation [SD]: 14.5 + 10.7 %) and total sleep
time (mean = SD: 67.1 = 51.3 min) with poorest agreement
against PSG in individuals with lower sleep efficiencies and
sleep time. These results suggest that Fitbit may be an accept-
able sleep tracker device for use in healthy adults. No studies
have investigated the validity of commercial activity tracker
devices in an adolescent population.

The aim of our study was to test the agreement between
a commercially available activity tracker (Jawbone UP) and
gold-standard PSG in assessing sleep outcomes from a labora-
tory-based overnight recording in a large sample of male and
female adolescents, accounting for potential confounding ef-
fects of age and sex.

METHOD

Participants

Sixty-five adolescents age 12-22 y (28 females; age,
mean + SD: 15.8 + 2.5 y; ethnicity, 49 Caucasian; body mass
index, mean + SD: 21.2 + 3.5 kg/m?) recruited from schools in
the San Francisco Bay area constituted the final sample. They
were participants at SRI International in an ongoing multisite
study of adolescents (National Consortium on Alcohol and
NeuroDevelopment in Adolescence, NCANDA). Participants
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were screened with questionnaires and the Semi-Structured
Assessment for the Genetics of Alcoholism (SSAGA)* to
ensure they were healthy and did not suffer from any psy-
chiatric disorder including alcohol dependence. None of the
participants suffered from a sleep disorder (e.g. sleep disor-
dered breathing, periodic limb movement disorder, narcolepsy)
based on clinical measures including air flow, oxygen satura-
tion, and leg movements recorded during a laboratory PSG ad-
aptation night.

All participants gave their written informed consent and
received payment for their participation. The study was ap-
proved by the Institutional Review Board at SRI International.

Procedure

All assessments took place in the sleep laboratory at SRI
International. Participants slept in sound-attenuated, tempera-
ture-controlled bedrooms. Lights-out and lights-on times were
self-selected by participants.

Polysomnographic Recording

PSG included electroencephalographic (EEG; F3-M2, F4-
M1, C3-M2, C4-Ml1, O1-M2, 02-M1), bipolar submental
electromyographic (EMG), and electrooculographic (EOG;
El1-M2, E2-M1) recordings performed according to American
Academy of Sleep Medicine (AASM) rules.”® Sleep stages
(Wake, N1, N2, N3, rapid eye movement [REM] sleep) were
scored in 30- sec epochs according to standard criteria.”® EEG,
EMG, and EOG signals were sampled at 256 Hz; EEG and
EOG were filtered at 0.3-35Hz; EMG was filtered at 10—100Hz.

The following standard sleep parameters were calculated:
time in bed (TIB, min) as time from lights-out to lights-on,
TST (min), total wake time (TWT, min) as time awake within
TIB, sleep efficiency (SE, %) as TST/TIB*100, sleep onset la-
tency (SOL, min) as time from the lights-out to the first epoch
of any sleep stage, wake after sleep onset (WASO, min) as
the amount of wake after the sleep onset, REM latency (min),
awakening index as average number of awakenings per hour
of sleep, and arousal index as average number of arousals (de-
fined as an abrupt shift in EEG frequency that lasts at least 3
sec according to AASM?) per hour of sleep, and time spent in
each stage of sleep (N1, N2, N3, and REM sleep, min).

Jawbone UP

Each participant was fitted with a Jawbone UP device,
placed on their nondominant hand for the duration of the over-
night recording. Data were collected via a dedicated Jawbone
UP app running on an iPad. Jawbone UP (https://jawbone.
com/up) powered by MotionX (Fullpower Technologies, Inc.)
consists of a sweat-proof, water-resistant wristband designed
to be worn 24 h, 7 days a week; it is equipped with a preci-
sion motion sensor (three-axis accelerometer) that tracks body
movements. Using proprietary algorithms, Jawbone UP calcu-
lates daily activity as well as sleep. A small button on the band
allows switching from “active mode” to “sleep mode” and
vice versa. Sleep laboratory technicians were responsible for
switching on the Jawbone UP active/sleep tracking mode in
synchronization with the times of lights-out and lights-on (the
average of the mean differences in TIB [PSG minus Jawbone
UP] was —0.05 + 2.4 min).
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Table 1—PSG and Jawbone UP sleep outcomes (mean, standard deviation, + 95% confidence interval) from one overnight recording in 65 healthy
adolescents.
PSG Jawbone UP
Mean % SD -95% ClI +95%Cl Mean * SD -95% ClI +95% ClI t P
TIB (min) 488.0 £ 39.9 478.1 497.9 488.1 £40.1 4781 498.0 -0.16 0.876
TST (min) 4427+42.8 432.1 453.3 452.8 +46.6 4412 464.3 -3.96 <0.001
SE (%) 90.7+56 89.3 92.1 927+6.0 91.2 94.2 -3.73 <0.001
TWT (min) 453+27.6 38.4 52.1 36.0 £28.7 28.9 431 3.67 <0.001
SOL (min) 17.9+19.6 13.1 228 19.2+19.3 14.5 24.0 -0.98 0.329
WASO (min) 274+213 227 32.1 16.8 £19.9 1.8 217 5.81 <0.001
REM latency (min) 122.0 £55.9 108.1 135.8
Awakening index 8.0+3.1 72 8.8
Arousal index 31+14 27 34
Time in N1 (min) 240+ 1.2 21.2 26.8
Time in N2 (min) 219.9 £ 39.1 210.2 229.6
Time in N3 (min) 107.1£38.2 97.6 116.5
Time in REM (min) 91.8+21.3 86.5 97.0
“Sound sleep” (min) 216.5+58.6 202.0 231.1
“Light sleep” (min) 236.1 £59.4 2213 250.9
Cl, confidence interval; REM, rapid eye movement; SD, standard deviation; SE, sleep efficiency; SOL, sleep onset latency; TIB, time in bed; TST, total sleep
time; TWT, total wake time; WASO, wake after sleep onset.

From Jawbone UP we used the following standard sleep
measures that are provided in the app: “In bed for” (min; the
equivalent of PSG TIB), “You slept” (min; the equivalent of
PSG TST), “Awake for” (min; the equivalent of PSG TWT),
“Fell asleep” (min; the equivalent of PSG SOL), time spent
in “Sound sleep” (min) and time spent in “Light sleep” (min).
From these outcome measures we also calculated the amount
of wake spent after sleep onset (calculated as “Awake for”
minus “Fell asleep”, min; the equivalent of PSG-WASO) and
the efficiency of sleep (calculated as “You Slept” divided by
“In bed for” multiplied by 100, %; the equivalent of PSG SE).

To our knowledge, it is not possible to access the raw data
collected by Jawbone UP and no information on the algorithm
is publicly available.

Analyses

Mean, SD, + 95% confidence interval (CI) for all PSG and
Jawbone UP sleep measures were calculated. P was set at 0.05
for all analyses.

Differences between Jawbone UP and PSG sleep vari-
ables were compared with paired 7 tests. Agreement between
methods was estimated according to Bland and Altman.”
Mean (or bias) and SD of the differences between Jawbone UP
and PSG outcomes, lower and upper agreement limits (mean
difference £ 1.96 SD) and 95% CI for mean differences and
agreement limits are provided. A positive value of the mean
difference between Jawbone UP and PSG sleep indicates that
Jawbone UP underestimates PSG, whereas a negative value in-
dicates that Jawbone UP overestimates PSG sleep.

Similar to others,'>**?® we defined a priori differences be-
tween Jawbone UP and PSG of <30 min for TST, TWT, WASO,
and < 5% for SE as satisfactory. The percentage of participants
falling within these ranges is provided.

SLEEP, Vol. 38, No. 9, 2015

Because adolescence is a period marked by dramatic age-
dependent changes in sleep patterns,” we tested the relation-
ship between age and mean differences (PSG — Jawbone UP)
of selected PSG and Jawbone UP sleep variables using Pearson
correlations. Because relationships between PSG and actig-
raphy measures may differ in adolescent boys and girls,*"> we
also compared the mean differences between PSG and Jaw-
bone UP in males and females using independent ¢ tests and
ran correlations between age and mean differences between
PSG and Jawbone UP outcomes separately in males and fe-
males. Correlation coefficients (r), P values, and linear equa-
tions are provided for each analysis.

Finally, we investigated which PSG sleep measures better
predicted Jawbone UP “Sound sleep” and “Light sleep.” Given
the explorative nature of the analyses and the number of po-
tential predictors we used forward stepwise regression models
with PSG WASO, time in REM, N1, N2, and N3 sleep, awak-
ening index, and arousal index as independent factors. Vari-
ables were entered into the model if they were significant
contributors to the variance (F-to-enter = 3.84). F values and
P values for the models, as well as beta coefficients () and
P values of the significant predictors are provided for each
analysis.

RESULTS

Jawbone UP and PSG Sleep Measures
Mean, SD and + 95% CI for all PSG and Jawbone UP sleep
measures are provided in Table 1.

Agreement between Jawbone UP and PSG Sleep Outcomes

Bland-Altman plots for TST, SE, TWT, SOL, and WASO
are displayed in Figure 1. Bias and agreement limits are sum-
marized in Table 2.

1463 Validation of a Novel Fitness Tracker to Assess Sleep—de Zambotti et al.

Zz0z aunf g0 uo 1senb Aq 60081 72/1 9% L/6/8€/2[01e/do]s/wo0 dno-ojwapeoe//:sdiy wolj papeojumoq



Figure 1—Bland-Altman plots for total sleep time (TST), sleep efficiency (SE), total wake time (TWT), sleep onset latency (SOL), and wake after sleep
onset (WASO) recorded by Jawbone UP and polysomnography. Average, mean (or bias) of the differences between Jawbone UP and PSG outcomes,
lower and upper agreement limits (mean difference + 1.96 standard deviation) and 95% confidence interval for mean differences and agreement limits
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Paired ¢ tests showed that all sleep outcomes from Jawbone
UP were significantly different from corresponding PSG mea-
sures (all P < 0.001) apart from SOL (P = 0.329). Jawbone UP

overestimated PS
—15.1, —5.0) with

G TST by, on average, 10.0 min (+ 95% CI:
three participants falling outside the agree-

ment limits (lower limit = —50.2 min; upper limit = 30.1 min).
The mean difference between PSG and Jawbone measures
of TST fell within the a priori established satisfactory range,

SLEEP, Vol. 38, No.

9,2015

with 85.6% of the sample falling within this range. Similarly,
Jawbone UP overestimated PSG SE by, on average, 1.9% (+
95% CI: —3.0, —0.9) with four participants falling outside the
agreement limits (lower limit = —10.2%; upper limit = 6.3%).
The mean difference between PSG and Jawbone measures
of SE fell within the a priori established satisfactory range,
with 73.8% of the sample falling within this range. Jawbone
UP underestimated PSG TWT by, on average, 9.3 min (= 95%
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CI: 4.2, 14.3) with three participants
falling outside the limits of agreement
(—30.7 min, lower limit; 49.2, upper

limit). The mean difference between Mean Differences £ SD*  Lower Agreement Limit ~ Upper Agreement Limit
PSG and Jawbone measures of TWT TST (min) -10.0+20.5 -50.2 30.1
fell within the a priori established SE (%) -19+42 -10.2 6.3
satisfactory range, with 83.1% of the TWT (min) 9.3+204 -30.7 49.2
sample falling within this range. Even SOL (min) -13+109 -22.7 20.1
though it was not significantly dif- WASO (min) 106 +14.7 -18.2 395

ferent from PSG, Jawbone UP over-
estimated SOL by, on average, 1.3
min (£ 95% CI: —4.0, 1.4) with all but

Table 2—Bias and agreement limits for Bland-Altman plot between Jawbone UP and
polysomnography sleep outcomes in 65 adolescents.

*PSG minus Jawbone UP. SD, standard deviation; SE, sleep efficiency; SOL, sleep onset latency; TST,
total sleep time; TWT, total wake time; WASO, wake after sleep onset.

four most participants falling within

narrow intervals of agreement (lower
limit = —22.7 min; upper limit = 20.1
min). Finally, Jawbone UP underes-
timated PSG WASO by, on average,

10.6 min (£ 95% CI: 7.0, 14.3) with PSG Jawbone UP Mean
three participants falling outside the Mean  SD Mean+SD  Differences * SD* t P
limits of agreement (—18.2 min, lower TST (min) 0.277 0.782
limit; 39.5, upper limit). The mean Females 444 4 +43.2 453.7 £42.7 -9.2+23.2
difference between PSG and Jawbone Males 4414 £43.0 452.1£49.9 -10.7£184
measures of WASO fell within the a SE (%) -0.02 0.981
priori established satisfactory range, Females 90953 92953 —20+£48
with 89.2% of the sample falling Males 0.7+58 92666 -19437
within this range. TWT (min) -0.05 0.959
Females 446 +26.0 354 +264 9.1+£237
Multiple Regression Models to Predict Malesj 458291 36.4+306 94£1738
Jawbone UP “Sound sleep” and SCI)EL (m'ln) 851107 65184 004147 1.44 0.154
“wp ” emales o119, .bt16. 9t 14.
L'gphsf Cs}'fifr'l"e i?l ‘;\t]‘;"('ge:so 25.P=0.031) Males 174197 205200 30466
time in REM (B = 0.29, P = 0.009), WASO (min) -1.13 0.261
and arousal index (B = —0.34 Females 26.0£19.5 17.8£19.9 8.2+15.1
ous ¢ =% Males 284 +187 16.0 + 20.1 124+ 144

P = 0.003) were significant pre-
dictors of UP band “Sound sleep”
(F;6 = 10.70, P < 0.001) explaining
34.5% of the total variance. PSG time

Table 3—Mean values and standard deviation, and average of the mean differences
(polysomnography-Jawbone UP) for selected sleep outcomes in 37 male and 28 female adolescents
with corresponding statistical measures.

*PSG minus Jawbone UP. SD, standard deviation; SE, sleep efficiency; SOL, sleep onset latency; TST,
total sleep time; TWT, total wake time; WASO, wake after sleep onset.

in N2 (B = 0.48, P < 0.001), time in

N3 (B = 0.49, P < 0.001), arousal index (f = 0.38, P = 0.002)
and awakening index (f = 0.28, P = 0.018) were significant
predictors of UP band “Light sleep” (F, 4 = 6.52, P < 0.001),
explaining 30.0% of the total variance.

Age- and Sex-Dependent Changes in the Mean Differences
between PSG and Jawbone UP Outcomes

Age (x) significantly correlated with the mean differ-
ences (PSG — Jawbone UP; y) of TST (r = —0.62, P < 0.001,
y=-5.1x+70.4) and SE (r=—-0.63, P <0.001, y =—0.01x + 0.1)
with Jawbone Up showing a progression from underestimation
to overestimation of PSG sleep with advancing age (Figure 2).
Age also correlated with mean differences of TWT (r = 0.62,
P<0.001,y=5.1x-70.8), SOL (r=0.47,P<0.001,y =2.1x - 34.0)
and WASO (r = 0.51, P <0.001, y = 3.0x - 36.9). Jawbone UP
showed a progression from overestimation to underestimation
of PSG measures of these variables with advancing age. From
Figure 2, it is notable that the agreement between PSG and
Jawbone UP sleep outcomes progressively decreased from
younger to older adolescents.

SLEEP, Vol. 38, No. 9, 2015

The average of the mean differences between PSG and
Jawbone UP were not significantly different in males than fe-
males in any of the sleep outcomes (P > 0.05) (Table 3). All
correlations between age and mean differences between PSG
and Jawbone UP outcomes run separately for male and female
adolescents remained significant (P < 0.05) with Fisher r-to-
z transformation that failed to find any significant sex differ-
ences in correlation coefficients (P > 0.05). Correlations are
displayed in Figure 2 for males and females separately.

DISCUSSION

Jawbone UP has good agreement with PSG particularly
in the estimation of TST, SE, and SOL in a large sample of
healthy adolescent boys and girls without sleep disorders.

Similar to the majority of the literature testing the validity of
actigraphy against PSG in adolescents,”'*!>? our data indicated
that Jawbone UP tends to overestimate PSG TST and SE. The
only other published study testing the reliability and validity of a
similar fitness tracker device (Fitbit) in healthy adults also found
that the device overestimated PSG TST and sleep efficiency.*
The Jawbone UP band tended to underestimate WASO when the
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whole sample of adolescents was considered in our study. How-
ever, although the Bland-Altman intervals of agreements were
quite wide, the mean differences between PSG and Jawbone UP
TWT (9.3 £ 20.4 min) and WASO (10.6 + 14.7 min) were small
and were, on average, nonclinically meaningful based on a priori
determined cutoffs. Similar to Montgomery-Downs et al.,** the
percentage of participants falling outside satisfactory limits of
agreement ranged from 10.8% to 26.2%, especially when PSG
amount of wake was high; all participants falling outside satis-
factory limits were in the higher half of the data sample based on
the median value of TWT). Further validation of this and other
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similar devices, therefore, should be performed in clinical popu-
lations who may have high amounts of wakefulness.
Interestingly, our results showed strong age-dependent ef-
fects in the estimate of PSG sleep outcomes from Jawbone UP.
Jawbone UP underestimated PSG TST and SE in the youngest
adolescents and progressively overestimated them in older ad-
olescents; also, Jawbone UP overestimated the PSG-derived
TWT and SOL in the youngest adolescents and progressively
underestimated these variables in older adolescents. Our re-
sults also suggested that the agreement between PSG and Jaw-
bone UP decreased with increasing age (Figure 2). Similarly,
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Meltzer and colleagues'? found that, on average, actigraphy
underestimated TST in preschool children (3—5 y), and in
school-age children (6—12 y), although to a lesser extent, and
overestimated the TST in adolescents (13—18 y); the same but
inverted pattern was obtained for the amount of WASO. These
results suggest a continuum from childhood to adolescence
in the extent of agreement between movement-based tracking
devices and PSG, showing that age is an important factor to
be considered in the development of novel algorithms for mo-
tion analysis in sleep-wake assessment. Similarly, Short and
colleagues® found changes in the agreement between subjec-
tive and actigraphic WASO with developmental stage (based
on pubertal ratings, using age as a covariate), with a higher
agreement in less pubertally mature boys than in more mature
adolescent boys. Even if highly correlated with each other, the
reciprocal contributions of pubertal status and chronological
age to the discrepancies between PSG and actigraphy remain
to be determined. Another possible explanation for the age-
dependent changes in accuracy may be related to the sample
tested by companies in the validation of the algorithm used
to detect sleep/wake pattern. In fact, Meltzer and colleagues'?
explained the stronger underestimation of TST and SE by Mo-
tionlogger Sleep Watch (Ambulatory Monitoring Inc.) in the
preschool group compared to school-age children and adoles-
cents by the fact that the Sadeh algorithm used was developed
and validated in a sample of adolescents/young adults. Those
authors concluded that Motionlogger Sleep Watch performed
best for their group of adolescents.

Our results did not confirm the previous results of Johnson
and colleagues” showing sex-related differences in the dis-
crepancy between actigraphic and PSG measures of sleep. Our
results indicated similar discrepancies between Jawbone UP
and PSG sleep outcomes in male and female adolescents, who
also showed similar age-dependent changes in the discrepancy
between Jawbone UP and PSG sleep. Thus, sex did not affect
the accuracy of Jawbone UP in detecting sleep and wake states.
A direct comparison between Jawbone UP and standard ac-
tigraphy is needed to clarify if these differences are due to a
different accuracy of the devices (Jawbone UP versus standard
actigraphy) in assessing sleep/wake pattern or if it is due to
other factors more related to the population studied.

Our findings indicated that Jawbone UP “Sound sleep” was
positively associated with PSG time in N2 and time in REM,
and negatively associated with the arousal index. These signifi-
cant predictors accounted for about a third of the overall vari-
ance. Jawbone “Sound sleep” seems to represent stages of PSG
sleep associated with fewer movements but surprisingly, what
is commonly defined “the deepest PSG sleep stage,” i.e. N3,
failed to enter in the model. Jawbone UP “Light sleep” was
positively associated with the PSG arousal index, awakening
index, and time in N2 and N3. These significant predictors ac-
counted for about one-third of the overall variance. PSG awak-
enings as well as brief arousals frequently occur in light sleep,
but they do not strictly represent what is commonly considered
PSG light sleep, i.e., N1 or N1+N2 sleep.*® Surprisingly, PSG
time in N3, but not time in N1, was a significant predictor of
Jawbone UP “Light sleep” even though N3 is considered the
deepest stage of sleep. For both models, the awakening index
but not WASO entered in the models, probably because the
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awakening index better reflects movements. In summary, we
can only speculate on the meaning of these results given the
lack of an exhaustive definition of “Sound sleep” and “Light
sleep” publicly available from Jawbone Company. As a rec-
ognized limitation,* activity monitors are accurate in distin-
guishing sleep from wake but not in measuring depth of sleep
as defined with PSG.

Our study has several limitations: (1) It is based on a single
overnight recording, which does not allow the examination of
the within-subject reliability of PSG and Jawbone UP sleep
outcomes. (2) Our sample only consisted of healthy adoles-
cents without any sleep issues and our results therefore cannot
be extended to a clinical population. (3) The study was con-
ducted in a sleep laboratory environment in which participants,
even if free to decide light-off and light-on times, had to follow
a strict protocol and where technicians ensured the quality
of the data collection. For instance, the active/sleep mode of
Jawbone UP was switched on and off by the sleep technicians
who ensured synchronization between PSG and Jawbone UP
time in bed. This study therefore needs to be replicated in an
at-home environment. (4) We compared Jawbone UP to stan-
dard PSG only. Thus, further comparisons of Jawbone UP with
standard actigraphy are also needed. (5) We were unable to
evaluate epoch-by-epoch comparisons between Jawbone UP
and PSG sleep/wake state, and thus sensitivity and specificity
of Jawbone UP remain to be determined.

We need to acknowledge that three participants repeatedly
fell outside the Bland-Altman intervals of agreement for all
the variables analyzed. By exploring the distribution of these
participants within each variable, none of them were outliers
(> 3 SD from the mean) or showed extreme values in any of
the PSG sleep variables analyzed. A combination of several
other unknown factors may have driven the Jawbone UP al-
gorithm to fail in accurately detecting sleep/wake pattern in
these participants.

Technological advancements in health care have led to the
wide availability of user-friendly and accessible devices (e.g.,
activity tracking devices based on accelerometer sensors) ca-
pable of assessing an individual’s fitness and recently, sleep.
The market for these wearable tracker bands is large and
growing, involving several millions of consumers."” Our find-
ings show the validity of one of these devices, Jawbone UP,
in tracking sleep-wake activity in healthy adolescents, com-
pared with PSG. Further validation needs to be performed in
different age groups and clinical populations, particularly in
individuals with fragmented sleep, to allow future use of these
devices in basic and clinical sleep medicine.
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