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INTRODUCTION

Sleep is a fundamental human need supporting the proper functioning of mind and body.1~’
Being able to measure and accurately quantify sleep is critical to characterize the sleep
processes supporting health and those implicated in disease as well as to understand how and
to what extent sleep (a modifiable behavior) can be enhanced to promote healthy living,
mitigate or slow the occurrence of clinical conditions, and improve cognitive functioning
and performance.

The current gold standard for measuring sleep is polysomnography (PSG), a multichannel
recording of scalp cortical brain activity, muscle tone, and eye movement activity (see
Kryger and colleagues®). To clinically evaluate the presence of sleep disorders, PSG also
may include other signals, such as the measurement of airflow and respiratory efforts, leg
movements, oxygen saturation, snoring, and body position. PSG is used mainly in the
laboratory setting and, occasionally, in nonlaboratory environments (ambulatory PSG). PSG

"Corresponding author. massimiliano.dezambotti@sri.com; maxdeze@gmail.com.

CONFLICT OF INTEREST

The authors declare no conflict of interest related to the current work. M. de Zambotti and F.C. Baker have received research funding
unrelated to this work from Ebb Therapeutics Inc., Fitbit Inc., International Flavors & Fragrances Inc., Verily Life Sciences, LLC, and
Noctrix Health, Inc.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

de Zambotti et al.

Page 2

allows an in-depth characterization of sleep physiology, from the sleep macrostructure (the
dynamics of wake and sleep stage distribution across the night via manual standard
classification of sleep/wake and sleep stages across the night) to a finer analysis of specific
features of sleep, via the quantitative analysis of cortical electroencephalographic (EEG)
signals.8 Despite the vision of sleep as a central nervous system (CNS) phenomenon (a state
of brain activation), it is important to understand that overall physiology goes through sleep.
9 Although not used for classic standard sleep scoring, additional biosignals can be collected
simultaneously as part of PSG and can provide information about the state of bodily systems
at night as well as serving as peripheral correlates of cortical events (eg, arousals) and the
clinical manifestation of sleep disorders (eg, transient respiratory events). Among the
additional signals, the most commonly recorded is the electrocardiogram (ECG), from which
beat-to-beat heart rate (HR) can be extracted and its variability quantified as an indication of
cardiac autonomic nervous system (ANS) functioning (see de Zambotti and colleagues®).
Beat-to-beat blood pressure, respiratory rate, skin conductance, and body temperature also
can be collected. Thus, PSG can truly offer a complete, detailed picture of the physiologic
state of sleep.

Outside the laboratory, actigraphy is considered as the accepted alternative to PSG.10
Actigraphy can measure objective day-to-day variation in an individual’s sleep/wake
activity, which, for example, allows understanding of whether an individual sleeps more
during the weekend compared with weekdays, potential seasonal variations in sleep,
regularities/abnormalities in bed times and rising times, how sleep varies across different
geolocations, and so forth. Actigraphy provides an indirect measure of sleep, a crude
estimation of an individual sleep/wake patterns by using a motion sensor, usually embedded
in a wristwatch, to estimate patterns of motion and classify periods as wake or sleep.
Compared with PSG, actigraphy is limited in detecting wake, particularly when sleep is
highly disrupted or in the presence of sleep disturbances and in situations in which people
are lying in bed but not moving. In those cases, actigraphy misclassifies wake as sleep (for
limitations and use of actigraphy, see Sadeh10).

Both PSG and actigraphy are research/clinical tools, and their applicability on a large scale
is limited, having a relatively high cost, using specialized equipment including dedicated
software platforms for data analysis, and requiring specific expertise and trained personnel
to operate them.

With the recent boom in new consumer sleep technologies (CSTs), possibly due to
advancements in sensor capabilities, communication protocols (eg, Bluetooth), data analysis
techniques, data storage (eg, cloud environment), and meeting the consumer market demand
for devices of low cost, low power consumption, and small size, it is now becoming possible
to track users’ behaviors, physiology, and sleep 24/7 with minimal obtrusiveness. CSTs have
several limitations, however. Data usually are extracted via proprietary algorithms that have
not been independently validated. Limited validation exists for the summary post-processed
data, and no current validation exists on the direct sensor outputs of CSTs, with companies
currently not releasing raw data. Users can access their summary data via dedicated mobile
app or Internet-based platforms. Some third-party services (eg, Fitabase) aiming at a more
clinical/research use of CSTs, do exist and simplify study implementation, data collection,
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and monitoring: post-processed data can be obtained with a greater time resolution (eg, 30-s
epochs), and there is some control on the CSTs algorithm used (algorithm version), although
raw data are still not provided. Some CSTs companies also provide an open application
programming interface, which allows a more advanced use of wearable operating systems
despite not directly accessing the sensors’ readings.1!

CSTs usually are wristwatches or other wearable types of devices (clips, rings, and so forth)
with embedded accelerometer and/or additional sensors (eg, photoplethysmography (PPG),
temperature, and skin conductance sensors [discussed later]). Noncontact CSTs also exist
(termed, nearables) and there is a new emerging line of wearables based on the recordings of
EEG signals using dry electrodes. Although development of these devices is on the rise, they
still do not reach high numbers of users and, to date, are still far from large-scale
implementation and usefulness in the field of sleep and circadian science.1!

CSTs now are widely used by the general population and increasingly used in clinical and
research studies (mainly viewed as an alternative to standard actigraphy), linking CST-
measured sleep (eg, sleep duration) and sleep-related outcomes (eg, night-time resting HR)
with several biopsychosocial factors, performance, and behaviors. Despite recognizing the
potential of CSTs, it is important to realize that CSTs pose critical challenges for their
implementation in science given the unregulated and uncontrolled nature of an industry
product.

There are a growing number of initiatives aimed at providing standards and regulations in
using CSTs. In a recent review, de Zambotti and colleagues highlighted the performance,
use, and challenges of these devices in the field of sleep and circadian science, by
introducing guidelines on how to evaluate and use CSTs.1! The American Academy of Sleep
Medicine (AASM) recently published a position statement warning about the challenges in
using CSTs and setting a high bar for their adoption in sleep medicine as a diagnostic tool.12
A summary of the 2018 International Biomarkers Workshop on Wearables in Sleep and
Circadian Science promoted by the Sleep Research Society also has been released.1® The
expert panel’s recommendations include best practices and guidelines for evaluating and
using CSTs. The Consumer Technology Association recently released some standards for
CSTs, which include definitions of terminology and methods for calculating basic sleep
metrics and features used in sleep tracking.14-16 Importantly, the Food and Drug
Administration (FDA) launched a precertification program (Software Precertification Pilot
Program, https://www.fda.gov/medical-devices/digital-health/digital-health-software-
precertification-precert-program), a new regulatory model to face the rapid expansion of
digital health technology on the market that can potentially “replace the need for a premarket
submission in some cases and allow for decreased submission content and/or faster review
of marketing applications for software products in other cases.” Some of the major players
in the CSTs (eg, Fitbit and Apple) currently are involved in the FDA precertification
program. This new model focuses more on the developer rather than the product per se and
allows the public to provide inputs on the program through an open public docket (https://
www.regulations.gov/comment?D5FDA-2017-N-4301-0001).
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From a scientific point of view, it is fundamental to understand whether and under which
circumstances outcomes from CSTs can be trusted and, therefore, how to interpret outcomes
from studies already adopting these consumer devices. This review highlights the rationale
and the capability behind wearable sleep trackers and describes what wearable sensors can
truly record and the meaning of the derived physiologic measures. Finally, a general
overview of the current use and potential use of CSTs to investigate relationships between
sleep, health, and performance is provided, considering their limitations due to potential
errors in sleep quantification.

CONSUMER SLEEP TECHNOLOGIES: SENSORS CAPABILITY AND
PHYSIOLOGIC MEANING OF BIOSIGNALS

Rudimental versions of CST sensors have been used since the second half of the past century
to monitor the functioning of different physiologic systems (see Holter?) and behaviors,
such as physical activity, outside the laboratory/clinical setting.

In the context of sleep monitoring, a first motionbased generation of sleep trackers (ie, using
accelerometry to estimate patterns of motion and sleep/wake) and a second multisensory
generation (ie, using a combination of accelerometry and other features extracted by
different biosignals to improve the detection of sleep/wake patterns and sleep stages) can be
distinguished. The newer generation of multisensory CSTs aims to collect information about
sleep macrostructure, specifically about wake, light (commonly referred as PSG N1 + N2),
deep (commonly referred as PSG N3), and rapid eye movement (REM) sleep (see de
Zambotti and colleagues!?), providing users with a day-by-day feedback on their sleep,
sleep-related physiology, and fitness. In most cases, sleep trackers can measure motion and
the night-time plethysmography signal, with some of them also collecting information about
skin/body temperature and electrodermal activity (skin conductance). This article provides a
summary of the main types of physiologic signals the CSTs are capable of collecting for
sleep measurement, along with an overview of the physiologic meaning of these signals,
processing pipelines, and related challenges (Table 1). For a more exhaustive overview on
signals used in sleep analysis, see the article by Roebuck and colleagues.1®

The multisensory capability of the new generation of CSTs has the potential to (1)
theoretically, advance the accuracy in sleep tracking by enhancing the capability of
algorithms for sleep/wake patterns and sleep stage detection—this is possible thanks to a
combination of motion with a broad range of features obtained from different biosignals
showing sleep stage—dependent changes (the most common features used by CSTs for sleep
tracking are based on the analysis of HR and its variability)—and (2) enable assessment of
the functioning of other body systems (eg, cardiac ANS function) during sleep, making a
more naturalistic investigation of processes like restoration and recovery possible, as well as
the detection of abnormalities in cardiac rhythms, potentially expanding their use as
diagnostic tools. See Matar and colleagues?® for a schematic overview of the physiologic
changes (HR and its variability, respiratory pattern, and motion) occurring when
transitioning between PSG-defined sleep stages. See also articles by de Zambotti and
colleagues,®11 Willemen and colleagues, 2% and Faust and colleagues?® for further details
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about ANS dynamics during sleep and development and performance of automatic
algorithms for measuring sleep/wake and sleep stages based on CNS and ANS information.
For instance, Willemen and colleagues?® used features of cardiorespiratory and movement
signals to discriminate sleep stages, reaching an accuracy ranging from 69% (wake-REM-
N1N2-N3; Cohen kappa = .56) to 92% (sleep/wake; Cohen kappa = .69). Similarly, Herlan
and colleagues?? constructed an algorithm to discriminate wake and sleep based on skin
conductance level (SCL) and skin conductance responses (SCRs), reaching an overall
accuracy of 86% (97% sensitivity and 75% specificity).

Although there is a strong theoretic basis for applying a multidimensional approach to sleep
staging, it is challenging for CSTs to implement this approach for several reasons. CSTs
target gold-standard PSG-level accuracy, whereas (1) PSG is based on experts’ manual-
visual scoring of sleep records and (2) PSG does not provide an absolute reference point.11
For example, high and variable levels of agreement between experts in scoring sleep records
(usually highest for REM sleep and wake, followed by N3 and N2 sleep, with the poorest
agreement for N1 sleep) exist and may pose severe challenges for algorithm development.23
Furthermore, although methodological guidelines for validating CSTs have begun to appear
(see de Zambotti and colleagues!! and Depner and colleagues?3), specific academic
standards for validation metrics (eg, threshold for accuracy for sleep and wake classification)
currently do not exist.

The use of ANS signals to estimate CNS (EEG)-based sleep staging is still in its infancy,
even within the academic field. ANS-based sleep staging relies on the complex and still
largely unexplored sleep CNS-ANS dynamics,® and the current performance of academic-
based automatic algorithms using 1 or more laboratory-grade peripheral signals (respiration,
motion, and ECG) as well as when based on automatic analysis of EEG signals do not fully
match PSG-level manual sleep staging.20:21.24 The use of commercial sensors from CSTs
adds further complexity. For example, common ANS metrics used by CSTs for sleep
staging, that is, HR variability (HRV) features, may differ according to whether they are
obtained by analyzing the electrical activity of the heart (ECG) or by analyzing blood flow
(using a PPG-type sensor).2> Also, obtaining a high signal-to-noise ratio when using
commercial unobtrusive sensors in noncontrolled laboratory conditions is challenged by
several potential sources of artifacts due to environmental features (eg, ambient temperature)
and other factors (eg, sensor shift) that often cannot be monitored (see Table 1).

To date it is still unclear what advancements can be made using peripheral information to
classify EEG-based sleep/wake and sleep staging. Improvements in hardware solutions,
sensors integration, and signal processing techniques and more collaboration between
academia and industry are among the crucial requirements for further advancing the field.

The types of information that CSTs can collect are continuously increasing. For instance,
impressive technological advancements have been made in the field of electrochemical
sensors able to detect metabolites, electrolytes, and hormones (eg, catecholamines,
antioxidants, and cortisol) from sweat, tears, saliva, and skin interstitial fluid.11> Moreover,
other environmental features indexing or influencing sleep patterns and their physiology,
such as ambient temperature, humidity, and noise, also are monitored by some devices.116
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CSTs, including microphones for ambient noise measurement, also may be used to assess
sleep-related behaviors, such as snoring.18 A useful feature included in some CSTs is the
event marker button, which allows a user to highlight the presence of the stimulus of interest
directly within the recording (eg, event markers have been used extensively in actigraphy
literature to mark lights-off and lights-on times).117 Finally, promising developments in data
processing (including real-time computation) in all these signals are possible due to the
increasing implementation of machine learning techniques, such as random decision forests
(see Jeng and colleagues!18).

ACCURACY OF CONSUMER SLEEP TECHNOLOGIES FOR MEASURING
SLEEP AND SLEEP-RELATED OUTCOMES: THE IMPORTANCE OF BIASES
IN THE CONTEXT OF BIG DATA

There are a growing but limited number of studies testing the accuracy of CSTs against
gold-standard PSG, and these studies used different CST devices (different brands and
models), in a variety of different samples (healthy and clinical) and under different
conditions (see de Zambotti and colleagues!! for a detailed review of performance and
limitations of sleep-tracking CSTs). These validation studies are performed on post-
processed CSTs outcomes; the accuracy of CSTs direct sensor readings is still largely
unknown. Overall, CSTs compared with PSG perform better in detecting sleep (higher
sensitivity) than wake (relatively lower specificity), with a general tendency to overestimate
PSG total sleep time (TST) and underestimate PSG wake time at night. This limitation is in
line with the performance of standard actigraphy. The performance of CSTs was not
dissimilar from the performance of research/clinical-grade actigraphy in studies in which
individuals simultaneously wore CSTs and standard actigraphy and their performance was
tested against PSG (see de Zambotti and colleagues?). This pattern may change with the
new generation of multisensory CSTs, in which the use of sleep-tracking algorithms based
on multifeatures is in the early stages and may still have room for improvement.

Evidence indicates that CST devices used with different settings (eg, sensitive mode) than
normal had the poorest performance. Moreover, few CST devices have been tested against
PSG for accuracy in estimating sleep stages (light, deep, and REM sleep), with the poorest
performance for deep sleep (PSG N3) classification. Distinguishing N3 sleep from N2 sleep
even from PSG using AASM rules is challenging: N3 is discriminated from N2 by the visual
recognition of a greater presence of slow wave sleep (>20% of the epoch). Possibly, with
future advances in knowledge of precise rhythmic changes in peripheral signals, such as
HRV linked with sleep stages and/or specific sleep events like slow waves,® there may be
improvements in CSTs’ detection of sleep stages.

Less evidence is currently available for the performance of CSTs in measuring sleep-related
physiology. By evaluating a CST wristband, de Zambotti and colleagues previously found
that the device underestimated overnight ECG-derived HR by 0.88 beats per minute (bpm),
an error that was very small and constant across hours of the night.119 When testing a similar
CST device model in adults, 229 no differences were found between CST-derived HR and
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ECG-derived HR (0.09 bpm mean difference), although greater levels of error were found in
those participants in the lower (<50 bpm) or higher (>80 bpm) ranges of HR.

The access to physiologic metrics on a high temporal resolution (eg, beat-to-beat HR) from
CSTs is limited or not available. Thus, the performance of CSTs in measuring sleep-related
physiology like sleep HRV is unknown. There are also other potential limitations in CSTs
performance, including poor detection of daytime naps, unclear reliability over time, and
potential for device failures, as reviewed elsewhere by de Zambotti and colleagues.!

Most validation studies are done in the laboratory (using single-night PSG device
comparison in convenient samples), which is not the expected setting for using CSTs. Given
the impracticality of running at-home PSG validation studies, new paradigms for at-home
validation need to be explored. Comparisons between CSTs with standard actigraphy or
sleep diaries may provide some insight in the CSTs performance but are questionable as a
means of determining CSTs’ core validity. Currently, sleep outcomes measured via PSG
according to the AASM guidelines'?! should be considered as the only ground truth. A
multidisciplinary effort is needed to face this critical barrier.

There is a rapid adoption of CSTs without proper consideration of the implications. Several
factors can affect device accuracy, which is particularly critical when using multisensory
CSTs. Although alterations to the pattern of motion are responsible for PSG device
discrepancies in motion-only—based devices, alterations to 1 or multiple features (eg, motion
and autonomic features) used to score wake, sleep, and sleep stages potentially can affect
performance in multisensory devices and can have a profound effect on data outcomes.
Table 2 shows some of the potential factors affecting CSTs’ accuracy. Factors highlighted in
Table 2 may not be directly responsible for the inaccuracy of CSTs but may reflect other
hidden factors (eg, greater device inaccuracy as a function of developmental age may reflect
a change in the pattern of motion with age or an age-dependent change in the relation
between electrocortical activity and autonomic functioning during the night). It also is
important to consider that factors implicated in PSG device inaccuracy may vary in different
CST devices models and samples (eg, children vs adults).

Fig. 1 highlights the potential issue of nonconstant biases (different level of error) over time.
It is critical to raise awareness that individuals’ day-to-day variations in true sleep may be
misrepresented by CSTs. It cannot be assumed that the performance of CSTs is always valid
and that the same level of accuracy is achieved every day, because conditions vary (eg,
sleeping with a bed partner and having a variable amount of wake time) and between
different people. In the figure, the hypothetical TRUE pattern of sleep in red and the
hypothetical wearable pattern in gray have different levels of concordance at different times.
The source of inaccuracy could be due to myriad different factors, as described previously,
and also could include changes in behavior or condition (eg, caffeine or alcohol
consumption, physical exercise, fever, and menstrual cycle phase). These factors may alter
not only individual physiology but also the output measures of sleep and other variables
CSTs use to score sleep, potentially having an impact on the bias of the device.
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In summary, although CSTs hold a lot of promise, there is still a need to further understand
their limitations, particularly given the growing use of CSTs in the field, with limited
experimental control and generating overwhelming big data sets. These data give incredible
power for analyses but high complexity in study outcomes interpretation not only for healthy
sleepers but also when using CSTs to track or evaluate a clinical disorder or influence
treatment decisions. Understanding the level of accuracy (and of the bias) of a specific CST
is particularly critical when considering its potential use in precision medicine and
integration in the health care Internet of Things.

POTENTIAL USE OF CONSUMER SLEEP TECHNOLOGIES IN THE
CONTEXT OF DISEASE RECOGNITION AND INTERVENTION AND IN
GATHERING INSIGHT INTO THE RELATIONSHIPS BETWEEN SLEEP,
HEALTH, AND PERFORMANCE

The previous sections discuss the sensors used by CSTs, their limitations, and factors that
could affect their performance. Next, the potential of CSTs for use in a wide range of
applications is discussed. Although the limitations need to be kept in mind, CSTs hold
promise for the continuous passive monitoring of sleep and related physiology, an important
step in advancing biomedical research and personalized health.13% CSTs integrated with
ecological momentary assessments (EMAs) (see Bertz and colleagues, 40 Colombo and
colleagues,14! Seppala and colleagues,142 and Shiffman and colleagues!*3), powered by the
widespread use of electronic diaries and self-report data collection via mobile technology,
allow the study of sleep in relation to a wide range of life factors (eg, physical activity,
alcohol consumption, and stress) implicated in sleep health and performance in daily life.
The main advantage is the combination of objective and subjective data (multimethod) in
real life (ecologically valid), contextualized in time (avoiding recall biases), and over
prolonged periods (longitudinal). Also, toward the push for precision medicine, data-driven
approaches to digital phenotyping of specific individuals’ health profiles (see Jain and
colleagues!#4) could be a reality and lead to enhancement in early detection and
management of diseases. Following that, there is a need for different analytical methods and
computational skills to deal with the growing amount, variety, and complexity of
longitudinal, integrated data sets.

Mobile technology also can be viewed as a tool for implementing intervention, as in the case
of cognitive behavioral therapy (CBT) for insomnia (discussed later). In addition,
smartphones offer a direct way to communicate with participants (eg, by sending
notifications or messages to ensure adherence and protocol compliance) and also could be
considered as wearable devices. Smartphones are constantly carried by the users and are
capable of providing additional sensory outputs, such as global positioning system
geolocation, as well as collecting additional data, such as app usage (eg, social media), call
and text message logs (eg, time and duration), and screen usage. Smartphones also have
integrated internal sensory capability to quantify relevant metrics among those described in
Table 1 (eg, phone camera can be used to track pulse waveform from an individual’s finger
and to calculate HRV metrics; snoring episodes can be detected through the microphone).
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The next section highlights some of the sleeprelevant areas in which CSTs currently are
used. Study outcomes need to be interpreted cautiously when considering that CSTs
outcomes may be affected by myriad unpredictable factors having an impact on their
accuracy (discussed see Table 2, for example). Privacy, security vulnerabilities, and ethical
questions also need to be considered.

Sleep is implicated in the regulation of many biological processes, including autonomic,
metabolic, immune, and cardiovascular (CV) functioning.1-6 Wearables, implantable
devices, and other type of electronics, including CSTs, are of growing interest for CV
monitoring (see Hong and colleagues#°). The simultaneous continuous collection of sleep
(eg, sleep duration!4%), cardiac physiology (eg, resting HR47), and integrated data and
factors implicated in CV health may lead to better recognition and management of CV
disease (CVD) conditions, albeit with the challenge of translating complex big data sets into
useful clinical information.

For example, recent results (preprint) from Teo and colleagues!48 showed significant
relationships between CST-derived sleep outputs (TST and sleep efficiency [SE]) and several
markers of CVD (body mass index [BMI], total cholesterol, resting HR, waist
circumference, waist-to-height ratio, and high-density lipoprotein) as well as sample
demographics (age, gender, ethnicity, and socioeconomic and lifestyle factors). These
relationships were absent when using subjective instead of CST-derived sleep outcomes.
Other studies linked CST-derived sleep measures with BMI in adults149:150 and obesity in
adolescence.151

The use of wearable technology—based analytical platforms is increasing. For example,
Cardiogram (Cardiogram, Inc., San Francisco, CA, USA) applies artificial intelligence (Al)
algorithms to data obtained from commercial devices (eg, Apple Watch, Wear OS, Garmin,
and Fitbit devices). Initial data collected in collaboration with the University of California,
San Francisco (see Health eHeart Study: http://www.health-eheartstudy.org), showed the
potential of this approach to screen for several conditions (high cholesterol, diabetes,
hypertension, sleep apnea, and atrial fibrillation) associated with elevated CV risk.152:153
Any effort allowing large-scale affordable early detection of CV risk profiles could be
translated in more effective treatments and reductions in the socioeconomic impact of
CVDs.

Al (machine learning) applied to CST data (HR cosinor analysis outputs, sleep measures,
and activity data) also have been promising in predicting mood state and mood-related
episodes (depressive episode, manic episode, hypomanic episode, or no episode), as assessed
via self-reported electronic assessments in patients with major depressive and bipolar
disorders.154 These results using continuous passive wearable data collection potentially can
expand the capability of previously explored mood prediction models based on mabile built-
in sensors. Trained Al algorithms and large data sets available in public repositories may be
useful tools to advance the use of Al in precision medicine.
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The use of CSTs outcomes has shown to be promising in several other areas of health
monitoring and health care, linking CST-derived sleep measures and related physiologic data
with a broad range of health outcomes, including self-reported pediatric asthma impact in
adolescent patients with asthma,1®° patient-reported outcomes in adult patients with
diabetes, %6 and health outcomes in astronauts in an 8-month simulated Mars mission.157
These results should be viewed cautiously at this early stage of CSTs application, when the
need to understand whether CSTs measure true sleep and under which circumstances CSTs
measure biases (errors) challenge the validity and interpretation of study outcomes.

Sleep Disorders

In 2003 (and in the 2007 update36), the AASM included the use of actigraphy in sleep
medicine practice, such as in the assessment of sleep patterns in patients with insomnia, to
provide diagnosis of circadian rhythm disorders and to evaluate the outcome of sleep
treatments. The same AASM article included several applications in which the use of
actigraphy is not recommended, for instance in the diagnosis of sleep-disordered breathing
(SDB) or of periodic limb movements. Regarding the use of CSTs, the AASM has clearly
stated, “CSTs cannot be utilized for the diagnosis and/or treatment of sleep disorders at this
time.”12 Nevertheless, some attempts to test CSTs accuracy in the evaluation of sleep
disorders have been made. Although mixed results have been reported for insomnia
disorders,122.158 studies focusing on central disorders of hypersomnolencel27:128 or SDB
generally showed that sleep trackers cannot detect, with sufficient accuracy, sleep patterns in
these conditions.132:136.159.160 poreover, as showed in a recent review,61 smartphone
applications for obstructive sleep apnea (OSA) monitoring cannot fulfill the required
standards for diagnosis, even in cases where multiple external sensors (eg, sound, position,
and oxygen saturation) are combined.

Although CSTs limitations are clearly emphasized in the published guidelines, the
diagnostic accuracy of these devices is continuously improving. For instance, in a recent
article, Camci and colleagues!®? developed a prescreening tool to detect respiratory issues
during sleep by combining a smartwatch (Gear S3 [Samsung Electronics Co., Ltd., Suwonsi,
Korea]) with a microphone app (the Smart Voice Recorder [Smartmob, LLC., Seattle, WA,
USA]). Other studies have developed systems to predict apnea events within 1 minute to 3
minutes prior to the event using a wearable multisensory suite, which collects ECG,
respiration, heart sounds, and oxygen saturation data.163 They were able to correctly
discriminate 16 out of 17 participants as OSA patients or healthy sleepers. The combination
of sleep tracker and smartphone apps also has been tested, with mixed results, as a screening
tool for insomnia, to provide Internet-based CBT (iCBT)198.164-166 o tg assess the effect of
interventions on sleep patterns.167:168 Although studies have not yet validated any sleep
trackers for circadian rhythm disorder, a recent article described the social jet lag and
chronotype in approximately 50,000 individuals wearing a smartwatch.169

In summary, although CSTs cannot currently be used for the diagnosis and/or treatment of
sleep disorders,12 further technological improvements may, in the near future, allow their
use as a supporting tool for assessing sleep conditions and facilitate online treatments.

Sleep Med Clin. Author manuscript; available in PMC 2021 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

de Zambotti et al.

Page 11

Academic Performance

Sleep plays a key role in cognitive functions, and it is consistently shown that its quantity
and quality affect academic performance in students of different ages.1’% College students
typically have irregular sleep/wake patterns,1”1 which is a modifiable factor. In 1
randomized-trial, Chu and colleagues!’2 propose a mobile sleep-management learning
system based on self-regulated learning strategies to improve sleep quality in undergraduate
students. The system is composed of a wearable device (no product name reported)
connected to a smartphone app, which provides information, feedback, and tips about a
participant’s sleep. Participants used the system for 2 weeks and showed self-reported sleep
improvement. No academic performance or objective sleep data were reported.
Notwithstanding the limitations of this study, a potential application of CSTs is to help
students of different ages keep track of their sleep/wake patterns and to provide them
feedback or iCBT treatment in order to improve their sleep and, eventually, their academic
performance. Another potential application of wearable sensors is to predict academic
performance in students. For example, Sano and colleagues!’3 collected self-reported and
physiologic data (accelerometer, skin conductance, and skin temperature) in 66 college
students using a combination of wearable sensors (Q Sensor [Affectiva, Boston, MA, USA])
and smartphone app. Using a machine learning approach, they were able to classify, with
67% to 92% of accuracy (depending on how many features were included), students with
high grade point average (GPA) or low GPA. A similar approach, but only based on a
smartphone app, was developed by Dartmouth College to successfully predict cumulative
GPA in college students.174

These studies show the potential of CSTs, alone or in combination with smartphone apps, to
modify sleep/wake cycles or to predict academic performance in college students, and,
therefore, could be used to plan individualized interventions. These applications, however,
also have intrinsic privacy issues that need to be addressed carefully.

Sports Performance

Sleep plays a key role in sports performance. Several observations converge to support the
idea that sleep loss and poor sleep quality impair sport performance, whereas good sleep
quality seems to improve it.17> These observations seem particularly important for
professional athletes, who often are traveling, playing at night, and participating in
competition with tight schedules.178 Over the past few decades, several interventions have
been proposed to deal with the constant circadian shift and reduced time and quality of sleep
that athletes experience.1’7 In recent years, CSTs have been proposed as a tool to improve
sleep in athletes, for example, by providing feedback about sleep.178 Little investigation has
been carried out, however, to assess the reliability and the impact of CSTs on improving
sleep and circadian rhythms in athletes (see Sargent and colleagues’®). Differently, CSTs
and other wearable sensors and mobile applications are used to manage athletes’ training
loads based on the assessment of their physiologic parameters during sleep and immediately
after awakening (eg, morning HRV has been found to discriminate overtraining states) (see
Plews and colleagues89) and mobile applications are increasingly used by professional and
amateur athletes to set their own training based on their HRV-derived fitness level and
recovery (see Altini and colleagues!®l).
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Given the growing number of wearable devices used by the general population as well as
elite athletes, there is a need for further studies to investigate the potential usefulness of
CSTs as a tool to improve sleep and, consequently, sports performance in athletes.

Work Stress and Performance

Safety

Whereas poor sleep quality and sleep disturbances typically are considered consequences of
work-related demands and psychosocial factors (for a review, see Linton and colleagues!82),
several multiwave and daily diary studies focused on the reciprocal relationship between
sleep and work-related outcomes.183 For instance, higherthan-usual sleep quality and
duration were associated with morning affect (in terms of higher positive activation and
serenity and lower negative activation and fatigue) in a sample of 166 employees, controlling
for gender, age, position, and trait affect.184 The recovery model proposed by Demerouti and
colleagues!® identifies sleep quality as the main recovery activity that directly predicts the
psychological and energetic states in the morning. In turn, the feeling of being physically
and mentally recovered in the morning is positively related to work outcomes, such as daily
task performance, personal initiative, and organizational citizenship behavior (see
Binnewies!86),

From a research-oriented perspective, the relationship between sleep and work-related
outcomes has been investigated almost exclusively using self-report techniques. Thus, CSTs
may offer the opportunity to replicate and integrate these findings using a multimethod
approach (eg, CSTs combined with EMAS) more suitable to measure multifaceted
phenomena, such as work stress and workplace performance.187.188 From a more practical
point of view, the information collected by these types of sensors embedded in commercially
available devices may be used by employers and safety managers to promote employees’
health and well-being and optimize the workforce productivity. For instance, some evidence
suggests that smartwatch-derived sleep quality may predict so-called fitness to work (eg,
psychomotor vigilance and drowsiness).189

Recently, a team of researchers at Dartmouth College has developed a classification system
that uses information passively recorded by smartphones (eg, location and ambient light),
wearable sensors (eg, HRV, physical activity, and sleep) and Bluetooth beacons (eg, time
spent at work and number of breaks) to discriminate between lower performers and higher
performers.190 The classifier has been trained and tested against a battery of job
performance surveys administered 3 times per week on 554 employees over 2 months to
8.25 months, showing an area under the receiver operating characteristic curve of 0.83.
Importantly, several sleep features (eg, light/deep sleep duration and awakenings during
sleep) showed different patterns in lower performers and higher performers.

Another potential application of CSTs is aimed at reducing sleepiness-related errors and
injuries. A significant portion of errors made at work is linked (at least subjectively) to
sleepiness, sleep problems, and poor sleep hygiene,1°1 with shift work and professional
driving (see Folkard and colleagues!®2) among the occupations most exposed to safety risks
associated with sleep problems.193 Sleep quality measured using wrist-worn actigraphs was
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used by Mollicone and colleagues!®* to compute a fatigue scale able to predict drivers’
performance and safety (ie, frequency of hardbraking events). A predicting model for driver
alertness was proposed by focusing on the circadian variation of CST metrics (eg, HR and
HRV).195.196 The use of wrist-worn wearable data also has been explored to potentially
detect instances of distracted driving.197 Other attempts of using consumer wearable
technology to detect drivingrelated vigilance levels have focused on the use of EEG and/or
electrooculography types of signals (see Zheng and colleagues!®8). Overall, this is a
promising area of investigation with CSTs, although their usefulness in improving driver
safety requires further research.

SUMMARY

CSTs allow longitudinal and real-time monitoring of human physiology and behavior and
environmental factors and can be considered an integrated part of the mobile health
revolution. The use of CSTs in biomedical research is on the rise and shows great potential
in providing new insight into the role of sleep in human functioning in health and disease.
The multisensory capability of CSTs and their easy integration with EMAs and other digital
technologies could lead to endless possibilities. However, the understanding of functioning,
sensor capability, accuracy of CSTs outcomes, is still rudimentary. Also, privacy and ethical
implications of CSTs require further attention. These issues need to be addressed in order to
properly implement and use CSTs in biomedical research.
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KEY POINTS

. Consumer sleep technologies (CSTs) are largely unregulated. Understanding
the rationale behind the technology, the challenges, and the limitations of
CSTs is critical for an informed and proper adoption of these technologies in
research and clinical applications.

. CSTs have a growing number of sensor capabilities, with multisensory
devices having the potential of advancing the accuracy in sleep tracking and
also enabling assessment of the functioning of other body systems, such as
autonomic functioning.

. CSTs have the potential to advance understanding of sleep and its importance
in health, disease, safety, and human performance.
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Simulation of hypothetical sleep data for an individual over time. In the graph, the TRUE
day-to-day variation in WASO, a main parameter of interest in sleep research, is provided in
red. In gray, the hypothetical WASO obtained from CSTs is displayed by accounting for the
randomly generated biases (distance between TRUE WASO and CST-derived WASQ), in
blue. The level of concordance between TRUE WASO and CSTs WASO changes over time.
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