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Abstract

Purpose of review—To systematically review the available research studies that characterize
the benefits, uncertainty, or weaknesses of commercially-available sleep tracking technology.

Recent findings—Sleep is a vital component of health and well-being. Research shows that
tracking sleep using commercially available sleep tracking technology (e.g., wearable or
smartphone-based) is increasingly popular in the general population.

Methods—Systematic literature searches were conducted using PubMed/Medline, Embase
(Ovid) the Cochrane Library, PsycINFO (Ovid), CINAHL, and Web of Science Plus (which
included results from Biosis Citation Index, INSPEC, and Food, Science & Technology Abstracts)
(n=842).

Study Inclusion and Exclusion Criteria—Three independent reviewers reviewed eligible
articles that administered a commercially-available sleep tracker to participants and reported on
sleep parameters as captured by the tracker, including either sleep duration or quality. Eligible
articles had to include sleep data from users for >=4 nights.

Summary

Seven articles met criteria for review. A wearable sleep tracker (e.g., wrist-based) was utilized to
track sleep in 5 of the 7 studies, a smartphone-based sleep tracker app was used to record sleep in
2 of the 7 studies. Studies in this review may be characterized in several broad categories,
including studies that examined: sleep before and after a clinical procedure (e.g., surgery) (2
studies); 2) sleep and a health-related outcome (e.g., asthma symptoms (2 studies); 3) the
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relationship between sleep tracker data and self-reported sleep (1 study); and 4) sleep tracker data
before and after major political events (1 study). Among the studies examining sleep-tracker data
and health-related outcomes, sleep-tracker data was associated with health outcomes, including
asthma symptoms, blood pressure, and mood.
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INTRODUCTION

Sleep is a vital component of general health and well-being [1-3]. Despite its importance,
national survey data from the United States (U.S.) show that only 25-50% of adults obtain
the recommended 7-8 hours [4,5], and between 20-35% of adults report consistent sleep
difficulties [6,7]. Global estimates of sleep show that sleep difficulties are reported by
10-40% of adults sampled, highlighting that poor sleep health is a global as well as a local
issue [8]. The explosion and proliferation of technologies for sleep tracking has heightened
awareness about sleep and whether sleep affects health and functional outcomes either from
provided digital or derived personal insights. Although sleep tracking appears to be
commonly practiced in the general population [13], an essential question remains: is sleep
tracking beneficial or harmful for sleep health and health outcomes? We conducted a
systematic review of the research that monitored sleep using tracking devices (e.g., (e.g.
FitBit, Nike+, Jawbone, Garmin).

Sleep-tracking technologies, either in the form of a wearable sensor or smartphone-based
software application (app), are powerful technologies that have become increasingly small
and user-friendly [9], such that ownership of these devices has sharply increased in recent
years across the globe. According to PEW Center research, 35% of individuals in the U.S.
owned a smartphone in 2011 and 77% reported ownership of a smartphone device in 2017
[10]. This research also found smartphone ownership worldwide was as high as 99% in
some countries in South Korea, while only 50% among developing nations. Health-behavior
tracking, such as activity and sleep, are two of the most widely tracked behaviors on digital
devices [12,13].

In fact, there are over 100,000 smartphone-based apps for health purposes that are available
to consumers [13]. According to a geographically-representative study of adults in the U.S.,
approximately 26% of respondents indicated that they use their smartphone or a mobile,
wearable device to track their sleep [13]. Furthermore, this study also found those who
reported sleep tracking also high self-reported health.

The Centers for Disease Control (CDC) Healthy People 2020 goals include a call for
technology to improve population health [9]. Although mobile technologies capable of
tracking sleep are increasingly popular, there have not been reviews of the published
literature to characterize the landscape of studies including commercially-available sleep
trackers and their outcomes. We conducted a systematic review aiming at characterizing
available evidence from studies that used commercially-available sleep trackers.
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METHODS

The systematic literature search and review of the literature is based on the Preferred
Reporting Items for Systematic Review and Meta-Analyses (PRISMA) guidelines. Our
objective was to review studies that included participants who wore commercially-available
sleep trackers.

Eligibility Criteria
Assessment and extraction were based on the following inclusion criteria: 1) the study had to
feature an epidemiological study design (i.e. randomized control trial, cohort study, etc.); 2)
results of the study had to be based on a commercially-available sleep-tracking device(s),
conducted via a smartphone or wearable device; 3) sleep measurements including duration
or sleep quality had to be captured by the device (i.e., not self-reported); and 4) the device
had to be worn for 4 days or longer.

Exclusion Criteria

We excluded articles based on the following criteria: 1) studies that asked participants to
self-report their sleep on an app or other device; 2) studies that measured sleep for less than
4 days (i.e., studies whose primary aim was to validate a sleep tracking device); 3) studies
that used research grade sleep measurement (e.g., actigraphy); and 4) studies that were
conference proceedings, which were excluded for lacking complete data.

Search Strategy

With significant input from the review team (RR, LWM, FD, NC) a medical librarian (DV)
trained in the systematic review process conducted a literature search in PubMed/Medline,
Embase (Ovid) the Cochrane Library, PsycINFO (Ovid), CINAHL, and Web of Science Plus
(which included results from Biosis Citation Index, INSPEC, and Food, Science &
Technology Abstracts). In addition, the New York Academy of Medicine Grey Literature
database was searched, and a bibliography review of key articles was conducted. The
databases were not limited by year. Articles were not limited to English language.

Medical Subject Headings (MeSH), Embase’s EMTREE and additional thesauri were
consulted, and keywords were used to construct a comprehensive search strategy that could
be run across all databases. The various strategies included the following concepts: sleep
tracking, sleep, polysomnography, behavior and devices (see Appendix for complete
strategies) and the PRISMA flow diagram (Figure 1) for details regarding the screening,
assessment and extraction processes in this review.

Data Screening, Assessment and Extraction

Bibliographic data was managed using EndNote (including removal of duplicates). Data was
exported from EndNote to Covidence, a systematic review management web-based product,
and all screening was conducted via Covidence. In the screening phase, two trained,
experienced coders (LWM and FM) screened titles and abstracts after in-depth training.
Weekly meetings were held to resolve potential problems and address any questions
regarding the process. The first author (RR) resolved all screening discrepancies. Citations
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included for assessment and extraction were downloaded from Covidence back to EndNote
for retrieval of full text. All included citations were also downloaded from EndNote to Excel
for assessment and extraction.

In the full text extraction phase, three assessment questions were included before moving to
extraction: 1) was sleep measured by a commercially-available sleep-tracking device
(smartphone or mobile, wearable sensor); 2) was sleep measured for four (4) or more days;
and 3) was sleep data collected from the sleep tracker(s)? If all three questions did not
receive a YES, they were excluded from extraction with the note “did not meet inclusion
criteria.” The extraction criteria included the following variables: study design, length of
study, demographic variables of study participants (i.e., age, race, income, education, health
conditions), number of participants, primary outcome endpoints (e.g., 3 months, 6 months,
etc.), sleep-tracking device(s), how sleep was measured, time frame of sleep duration (e.g.,
week average, sleep duration, e.g., hours or minutes, sleep quality or awakenings),
timeframe of measurement, and reason for exclusion if assessment categories were met but
data was not adequate for final inclusion. LWM, FM and NC assessed and extracted based
on the variables reported above. All extractions were reviewed and confirmed by RR.

Extraction Procedures

The coders extracted the demographic characteristics as provided in the published article.
Demographic characteristics included age, sex, and race/ethnicity. Study characteristics were
extracted, including study design (e.g., Randomized Controlled Trial), and length of follow-
ups. Sleep tracker details are recorded, including manufacturer (e.g., FitBit) and classified
the tracker as a smartphone-based app or wearable sensor. Sleep health parameters extracted
were those data points captured by the sleep tracker over time. Sleep health data could
include sleep duration, quality, or other parameters pertaining to sleep as captured by the
sleep tracker.

Study Quality Evaluation and Data Analysis

The quality of the studies included in the systematic review was assessed using the Downs
and Black checklist [19]. The Downs and Black Checklist is a 27-item scoring system
assessing the following domains: reporting, external validity, internal validity/bias, internal
validity/confounding, and power. While there is some disagreement on how to use the
quality scores from the Downs and Black approach [20], we used a quality rating that
determined 21 (80.8%) and higher as high quality, 11 — 20 (42.4-80.8%) moderate quality,
and 10 or lower as poor quality (<42.2%) [21]. Quality ratings were determined for the
studies in this systematic review independently by two reviewers (NC, LWM). Discrepancies
were adjudicated through discussion until consensus with coauthors was reached. We
qualitatively summarized the study characteristics, participant characteristics, and sleep-
tracking characteristics of the eligible articles. In this report, we document changes in sleep
health data captured by the tracking device over time.
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RESULTS

Characteristics of the Study Populations

The characteristics of the study samples are shown in Table 1. Sample size ranged widely
from 22 [22] individuals to 37,054 [23]. We note that individual ages were not available for
two studies. Participants’ ages in the remaining five studies were as follows: one study that
recruited younger adults showed an average age of 16 years [22] and another one enrolling
older adults showed that 39% of the sample were 65 years of age or older. All but one study
reported participants’ sex, and all study samples included more males than females, with the
exception of one study where female participants exceeded the number of male participants
[24]. Only three studies provided the race/ethnic breakdown of participants, including a
study that recruited white (55%) and black (45%) participants [22]; another showed 24%
were white and 75%, black [25]; yet, another one showed 93% were white, and 7%, other
[24].

Characteristics of Included Studies

Among the studies we examined, cross-sectional design was the most common (n=4, 57.1%)
[23,24,26,27], followed by prospective observational studies (n=2, 28.6%) [22,28], and
randomized controlled trial (RCT) (n=1, 14.3%) [25]. Study durations ranged from 7 days
[26,27] to 56 days [22,28]. No studies had a second follow up. All studies included
individuals from the general population (n=3, 42.9%). The remaining studies administered
commercially available trackers to individuals with chronic conditions (n=4, 57.1%). The
studies recruiting individuals with chronic conditions included asthma [22], prostate cancer
[27], hemodialysis [25], and type 2 diabetes [24]. All included studies but one measured
sleep duration, four studies also measured additional sleep parameters, such as ratio of deep
sleep to short sleep [26], sleep quality [22], awakenings [27], and sleep efficiency [25].

Characteristics of the Sleep Trackers and Sleep Data

Characteristics of the data from sleep trackers and outcomes of the included studies are
shown in Table 2. Among the included articles, 71.4% administered a wearable sleep tracker
(e.g., wrist-based), and 28.6% (n=2) administered a smartphone application. Among the
sleep trackers, 57.1% (n=4) were FitBit, 14.3% (n=1) were Withings, and the remaining two
studies (28.6%) used smartphone-based apps “Sleep as Android’ and ‘Funf.” The objectives
of the studies included in this review were to compare sleep before and after a treatment
procedure [25,27], examine the relationship between sleep and a health-related outcome
[22,26,28], and contrast sleep duration (total sleep time) tracked by wearable versus self-
reported data [24].

Among the studies examining sleep and health outcomes, results suggest sleep obtained
from the sleep tracker were associated with several health factors. Specifically, one study
found sleep was inversely associated with blood pressure [26]. Another study found an
inverse relationship between sleep and asthma symptoms in a pediatric population [22].
Another study found a positive association between sleep and mood [28]. Based on the
research comparing sleep with self-reported sleep, one study found sleep was associated
with self-reported measures of sleep disturbance [24]. Also, among the studies that
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administered sleep trackers to patient populations, sleep showed much shorter sleep the
night before hemodialysis compared to the night after [25]. However, another study did not
find sleep to differ among prostate cancer patients the night before compared to after
treatment [25]. Overall the study quality among the eligible articles was moderate and
ranged from 46.3 [23]-68.5% [25], on a scale from 0 to 100%.

DISCUSSION

Smartphones and other mobile technology, such as wearable sensors, have the potential to
capture various data including activity sensing that might relate to health. There have been
several reviews on the capabilities of mobile technologies for such health purposes as sleep
tracking [15,29]. However, as attention to and use of sleep-tracking technologies in research
grows, there is a need to review the evidence on the application of sleep trackers to general
audiences or clinical populations.

Among the studies selected for this review, sample size varied widely from 22 participants in
a pilot study that administered sleep trackers to participants, to several thousand participants
in a study that analyzed historical patterns of sleep parameters captured by sleep trackers.
Interestingly, all studies had a majority of male participants with only one exception. Four
studies did not include race or ethnicity of the participants. Among the studies that disclosed
racial/ethnic characteristics, whites were the majority of participants (55-93% of
participants). These data do suggest the importance of collecting race/ethnicity data in future
studies using sleep trackers.

Results from our review suggest that mobile health tools are used in a range of functions in
health research on sleep and health research with possible future applications for clinical
research or population health surveillance. Three of the studies included in this review
examined sleep tracking among the general population, whereas four studies included
patient populations with chronic conditions, including type 2 diabetes and patients
undergoing hemodialysis. It is promising that the majority of studies address patient
populations with chronic illnesses as previous research suggests that there are far fewer
health-related mobile technologies for chronically-ill individuals [31,32].

Although commercially available sleep-tracking devices are increasingly popular, one
criticism is that few of these devices have been validated against polysomnography (PSG),
the “‘gold standard’ for sleep measurement [14,15]. However, this is starting to change as an
emerging literature has compared several fitness tracking devices with PSG, finding mixed
results for the validity of these trackers compared to gold standard sleep measurement
[16,17]. Future health researchers interested in low-cost sensors for sleep assessment in their
studies may consider including sleep trackers that have been shown to be strongly correlated
with gold standard measurements. Further, it would be helpful to convene a task force to
recommend rigorous standardization and validation protocols to govern the acceptability and
usability of currently available sleep trackers.

Among the results of studies identified in this review that administered commercially-
available sleep trackers to either general audiences or clinical populations, several studies
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found sleep was associated with several health outcomes, including mood and blood
pressure. Research found sleep was more disturbed before treatment for patients with
hemodialysis but not significantly disturbed for patients with prostate cancer on preoperative
nights compared to postoperative nights.

Results from this review must be interpreted with caution, as our summary of the literature is
restricted to relationships between sleep parameters, which have been criticized because of
limited data evidencing their validity when compared to measures of sleep derived from
PSG. Specifically, where studies have shown wearable devices are efficacious in measuring
physical activity, sleep-tracking devices have demonstrated highly variable performance
relative to objective measures derived from polysomnography or actigraphy [14,16,17].
Therefore, future research may consider the validity of sleep trackers before using them in
rigorous health research.

Although we conducted a rigorous systematic review, several limitations should be
mentioned. First, the research that provided sleep parameters captured from sleep trackers
varied widely in its objective, nature, and scope. Our review was thus limited to
summarizing these parameters. Our research effort originally aimed to measure and evaluate
the effect of sleep tracking on user sleep over time. However, we found in the course of our
review that the existing literature challenged our ability to provide adequate answers to this
question. Most importantly, the studies that included sleep parameters from trackers
emanated from a medical intervention, i.e., surgery for prostate cancer patients, which
limited our ability to draw conclusions about sleep tracking alone as a behavioral change
catalyst for the general population. Future research may consider measuring users who
perform sleep tracking over time and how tracking relates to psychological factors, such as
the effect of sleep on stress.

We conducted a systematic review of research that included sleep tracker-derived data. We
summarized the literature, finding highly variable sample sizes and objectives among the
published research on this topic. While a large body of evidence touts the benefits of health
technologies, it is yet unclear whether these devices are efficacious for accurate sleep
measurement. Furthermore, the compelling question as to whether or not sleep tracking and
the behavioral feedback it affords users is beneficial for sleep or if this practice perhaps
induces anxiety about sleep onset or duration. In this review, we characterize the health
research that has included sleep tracking devices. Future studies may build on the findings in
this review to better understand the effects of sleep tracking when these data are shared with
patients. For, the compelling question as to whether sleep tracking is helpful or harmful for
patients remains unanswered.
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Appendix

Search Strategies for the current review.

(sleep tracker OR sleep trackers OR sleep tracking OR mobile phone OR mobile phones OR
mobile apps OR mobile technology OR mobile technologies OR mobile device OR mobile
devices OR iWatch OR Fitbit OR jawbone OR wearable devices) AND (sleep OR
polysomnography) AND (behavior OR behaviors OR behaviour OR behaviours OR self
management OR monitor OR monitoring)

(sleep tracker OR sleep trackers OR sleep tracking) AND (sleep OR polysomnography)
AND (behavior OR behaviors OR behaviour OR behaviours OR self management OR
monitor OR monitoring OR well being)

(sleep OR polysomnography) AND (tracker OR trackers OR tracking) AND (device OR
devices OR technology OR mobile) AND (behavior OR behaviors OR behaviour OR
behaviours OR self management OR monitor OR monitoring)
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Figure 1.
PRISMA diagram.
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Table 2
Characteristics of the sleep trackers and sleep parameters measured (n=7).
First Quality
Author Year Sleep Tracker  Study Objective Results Take-Away Rating
Fagherazzi 2017  Wearable Examine sleep and A larger proportion of the population slept ~ Sensed deep sleep
(Withings health among > 6 hours (n=11,670, 73.4%), whereas was associated with
Pulse) users of a popular  fewer averaged <6 hours (n=4,169, blood pressure
sleep tracker. 26.3%). A high diastolic blood pressure (diastolic and
(>83 mm Hg) was associated with systolic), but not
increased risk of poor deep sleep (OR duration.
1.21, 95% CI 1.06-1.39) when compared
to low diastolic blood pressure. but was
not related to total sleep and deep/total
ratio. Systolic blood pressure was not
related to total sleep or deep sleep but was
associated positively with a poor deep/
total ratio (p-value<.001). 53.7%
Bian et al. 2017  Wearable Examine sleep and  Average sleep quality was 0.89 (range, Sleep was inversely
(FitBit Charge  pediatric asthma. 0.85-0.94) was inversely associated with associated with
HR) asthma symptoms (-.18, p-value=.02). pediatric asthma. 57.4%
Anyz et al. 2019 App(Sleepas  Compare sleep Sleep during a random, comparable night Sleep duration
Android) before and after chosen from the previous year dropped 18  decreased
major political min on the night after ‘Brexit’ 7.02 to significantly after
events. 6.44) (p-value<.001). Sleep during a major political
random, comparable night chosen from events in the US
the previous year among Americans and UK.
dropped 38 minutes after the Trump
election (7.07 to 6.29) (p-value<.001). 46.3%
Agarwal, et 2018  Wearable Compare sleep Postoperative night sleep averaged 6.0 Sleep was not
al. (FitBit Charge  before and after (IQR, 317-414) whereas preoperative different between
HR) surgery among nights averaged 6.6 (IQR, 306-465) (p- preoperative to
prostate cancer value=.33). Nighttime awakenings on postoperative
patients. postoperative nights averaged 2.7 (IQR, nights.
1.9-8.9) whereas preoperative nights
averaged 3.3 (IQR, 1.0-9.0) (p-value
=0.37). 64.8%
Han et al. 2016  Wearable Compare sleep Sleep among patients before a night Sleep was
(FitBit Flex) before and after before hemodialysis averaged 3.7 minutes,  significantly lower
hemodialysis whereas nights after treatment were 6.9 among patients
among patients. minutes and nights between two 2 non before treatment
hemodialysis days averaged 7.2 (p-value compared to after
<.001). treatment. 68.5%
Weatherall 2018  Wearable Comparing sleep Average sleep duration was 6.7 hours (SD  Sleep was
etal. (FitBit tracker-obtained 1.7). Self-reported data show participants associated with self-
Charge) data with self- had trouble falling asleep for an average reported sleep
reported data of 2.3 (SD 2.7) nights in a typical week. difficulty.
Sleep duration was correlated with self-
reported trouble sleeping (r=.28, p-value
=.02). 57.4%
DeMasi et 2017  App (Funf Examining sleep Average sleep duration was 8.79 hours Sleep was 59.3%
al. Open Sensing  and well-being (1.22). Sleep duration was positively associated with
Framework) associated with mood (b = 0.072, p- mood.

value=.02).
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