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Abstract
The “International Biomarkers Workshop on Wearables in Sleep and Circadian Science” was held at the 2018 SLEEP Meeting of the Associated Professional Sleep 

Societies. The workshop brought together experts in consumer sleep technologies and medical devices, sleep and circadian physiology, clinical translational research, 

and clinical practice. The goals of the workshop were: (1) characterize the term “wearable” for use in sleep and circadian science and identify relevant sleep and 

circadian metrics for wearables to measure; (2) assess the current use of wearables in sleep and circadian science; (3) identify current barriers for applying wearables 

to sleep and circadian science; and (4) identify goals and opportunities for wearables to advance sleep and circadian science. For the purposes of biomarker 

development in the sleep and circadian fields, the workshop included the terms “wearables,” “nearables,” and “ingestibles.” Given the state of the current science and 

technology, the limited validation of wearable devices against gold standard measurements is the primary factor limiting large-scale use of wearable technologies 

for sleep and circadian research. As such, the workshop committee proposed a set of best practices for validation studies and guidelines regarding how to choose a 

wearable device for research and clinical use. To complement validation studies, the workshop committee recommends the development of a public data repository 

for wearable data. Finally, sleep and circadian scientists must actively engage in the development and use of wearable devices to maintain the rigor of scientific 

findings and public health messages based on wearable technology.
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Statement of Significance

This White Paper summarizes the 2018 Sleep Research Society sponsored workshop, “International Biomarkers Workshop on Wearables in 
Sleep and Circadian Science.” Workshop participants discussed barriers and opportunities for using wearables in sleep and circadian sci-
ence. Poor validation of current wearable technology was identified as the primary barrier inhibiting widespread use of wearables in sleep 
and circadian science. The committee proposed a set of best practices for validation studies to help overcome this barrier. Despite current 
limitations, applying wearable technologies to large, prospective studies conducted in free-living environments has great potential to ad-
vance the sleep and circadian fields. Continued development and validation of wearables will facilitate rigorous application of wearables to 
the ongoing research efforts in the sleep and circadian fields. 
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Introduction

The Sleep Research Society and the American Academy of Sleep 
Medicine recommend that adults aged 18–60  years regularly 
obtain 7 or more hours of sleep per night to promote optimal 
health [1, 2]. Yet, sleep disorders [3] have become epidemic with 
~35% of adults in the United States sleeping less than 7 h per 
night, 30% sleeping less than 6 h per night, and in some specific 
groups, such as active military personnel, rates of insufficient 
sleep exceed 40% [4–7]. Findings from epidemiological and la-
boratory controlled trials consistently show insufficient sleep is 
associated with adverse health and safety outcomes including 
inflammation, stress, obesity, diabetes, cardiovascular disease, 
neurodegenerative diseases, drug abuse, poor quality of life, and 
risk of accidents [8–22]. Furthermore, short sleep durations are 
associated with increased mortality [23, 24]. Despite these links 
between insufficient sleep and negative health outcomes, many 
primary care providers fail to diagnose or recognize sleep dis-
orders, and estimates suggest that undiagnosed sleep disorders 
are more prevalent than diagnosed sleep disorders [25, 26]. 

Circadian misalignment is the mistiming of environmental 
or behavioral cycles relative to the circadian timing system, or of 
mistiming in components of the circadian system. Shift-workers 
comprise ~20% of the workforce in industrialized nations and 
are often required to maintain wakefulness and alertness 
during their biological night to perform work-related duties, 
inducing circadian misalignment [27–29]. A more common form 
of circadian misalignment is social jetlag, which is quantified 
as the absolute difference between mid-sleep time on workdays 
versus mid-sleep time on free days [30]. The larger the differ-
ence in sleep timing on workdays versus free days, the more 
severe the social jetlag. Estimates from a study with over 65,000 
entries from the Munich ChronoType Questionnaire database 
show ~69% of the represented population reported 1 h of social 
jetlag and 33% reported 2  h or more of social jetlag [31]. Like 
insufficient sleep, circadian misalignment is epidemic and is 
associated with a range of adverse health outcomes including 
risk of cancer, obesity, gastrointestinal disorders, cardiovascular 
disease, diabetes, risk of accidents, and psychiatric disorders 
[32–34]. 

The sleep and circadian fields have made extraordinary pro-
gress understanding the basic mechanisms regulated by the 
sleep and circadian systems and the health consequences of 
insufficient sleep and circadian disruption. Yet, the lack of ac-
cessible and objective tools for quantifying sleep and circadian 
physiology outside of laboratory settings has limited the trans-
lation of these scientific advances to improvements in human 
health [35]. As such, the Sleep Research Society (SRS) has spon-
sored a series of International Workshops on Biomarkers in 
Sleep and Circadian Science. The first workshop occurred in 
2015 and was a joint SRS-National Institutes of Health work-
shop that identified an immediate need and a long-term 
benefit of developing biomarkers of acute sleep deficit, chronic 
sleep deficit, obstructive sleep apnea (OSA), and circadian dis-
ruption and identified multiple platforms for biomarker de-
velopment ranging from omics to wearable technologies [35]. 
Key outcomes of the 2016 and 2017 workshops were the de-
velopment of consensus definitions for “chronic insufficient 
sleep” and “circadian misalignment,” and outlining goals for 
developing biomarkers of chronic insufficient sleep and circa-
dian misalignment. 

This White Paper summarizes the 2018 workshop, 
“International Biomarkers Workshop on Wearables in Sleep and 
Circadian Science,” that brought together experts in consumer 
sleep technologies, medical devices, sleep and circadian physi-
ology, clinical translational research, and clinical practice. The 
primary goals of the workshop were: (1) characterize the term 
“wearable” for use in sleep and circadian science and identify 
relevant sleep and circadian metrics for wearables to measure; 
(2) assess the current use of wearables in sleep and circadian 
science; (3) identify current barriers for applying wearables to 
sleep and circadian science; and (4) identify goals and oppor-
tunities for wearables to advance sleep and circadian science. 

What is a Wearable, and What Metrics 
Relevant to Sleep and Circadian Science 
Should Wearables Measure?

Wearables for sleep and circadian science

Wearables exploded onto the consumer market in the early 
2010s, and today, wearables are nearly ubiquitous in modern so-
ciety. An estimated ~350 million wearable devices will be ship-
ping in 2020, up from 224 million in 2018 [36]. Considering their 
broad capabilities, it is essential to identify the most relevant 
metrics for wearables to measure in the context of sleep and 
circadian science. 

Wrist-worn actigraphy is an accepted and commonly used 
wearable designed to assess sleep and wakefulness. Actigraphy 
detects body movements by accelerometry (the measurement 
of acceleration), and some research-grade actigraphs measure 
light exposure. Algorithms (some publicly available) automatic-
ally score actigraphy data [37–41], facilitating the incorporation 
of accelerometry based data into consumer sleep wearables. In 
addition to actigraphy, there are a range of metrics that sleep 
and circadian scientists can utilize from wearable technologies 
such as geographical location, body temperature, heart rate, 
skin conductivity, blood oxygen levels, and mood assessments. 
Additionally, some devices can monitor air quality, noise levels, 
and ambient temperature. Such devices are placed nearby the 
user to collect data from the user and the user’s local environ-
ment, and therefore are defined as “nearables.” The concept of 
wearables can also be extended to “ingestibles,” miniaturized 
devices that transmit information, such as core body tempera-
ture, and are ingested by the user like a pill. For this White Paper, 
the term wearables extends to nearables and ingestibles. 

Gold standard methods of quantifying sleep

Polysomnography (PSG) is the most reliable and valid measure of 
sleep and is therefore the current gold standard for quantifying 
sleep. PSG is most often performed in sleep laboratories and 
involves the application of electroencephalography (EEG) elec-
trodes to the scalp, electromyography (EMG) electrodes to the 
facial muscles and limbs, electrooculography (EOG), electrocar-
diography (EKG), pulse oximetry, thoracic and abdominal belts, 
and nasal (or oro-nasal) flow sensors to measure breathing pat-
terns. Sleep staging is determined from brain EEG, EOG, and chin 
EMG. As such, PSG is not a direct measure of sleep per se, but 
rather a quantification of cortical and peripheral physiological 
changes that occur during sleep. 
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A challenge in adopting PSG to wearable technology is the 
complex sleep scoring criteria [42]. Automated PSG scoring is not 
an adequate replacement for sleep technologists due to the multi-
faceted nature of PSG interpretation [43]. Furthermore, PSG is gen-
erally conducted for 1–5 nights in clinical and research settings 
and is therefore not designed to track individual sleep patterns 
longitudinally. Thus, within the state of current technology, com-
plete PSG is not a viable candidate for a wearable metric of sleep. 
It is, nonetheless, the gold standard against which any other de-
vice purporting to measure sleep should be assessed. Additionally, 
aspects of PSG, such as pulse oximetry and/or limited EEG chan-
nels, have the potential to be incorporated into wearable devices. 

Gold standard methods of quantifying circadian 
physiology

The two most common protocols for measuring circadian out-
comes in humans are the constant routine and forced desynchrony. 
The following references summarize established human circa-
dian protocols [44, 45]. The constant routine is the gold standard 
for calculating circadian phase, the forced desynchrony is the gold 
standard for calculating circadian period and for separating circa-
dian regulation from behavioral sleep-wake regulation, and both 
protocols can be used to calculate circadian amplitude. Twenty-
four hour melatonin or core body temperature assessments are 
the gold standard measures for human circadian timing [44]. 
Melatonin is easily measured in saliva, blood, and urine. However, 
light exposure inhibits the multisynaptic pathway regulating 
melatonin secretion, thereby reducing melatonin levels. Therefore, 
samples for melatonin analysis must be collected every 30–60 min 
under dim light conditions (e.g. <8 lx). There is a validated home 
kit for conducting 24 h circadian melatonin assessments in dim 
light conditions, and while not amenable to wearables, such a kit 
provides the opportunity to validate wearables against the gold 
standard 24 h circadian melatonin rhythm outside of laboratory 
settings [46]. Historically, rectal thermistors were used to assess 
24 h core body temperature to identify the timing of core body 

temperature minimum [44]. Less invasive ingestible capsules that 
telemetrically monitor internal body temperature are now avail-
able. Since posture, physical activity, and sleep all impact core 
body temperature, these factors must be controlled to facilitate 
accurate assessments of 24  h core body temperature rhythms, 
making applications of these ingestibles outside of the laboratory 
challenging. Importantly, markers of circadian rhythms must be 
validated using these gold standards.

Workshop consensus opinion: sleep and circadian 
metrics for wearables to measure

Sleep research employs features that are indicative of sleep 
duration, timing, efficiency, quality, regularity, satisfaction, and 
breathing and status of the Central and Autonomous Nervous 
System [47]. Sleep metrics that can potentially be quantified via 
wearables for this purpose are outlined in Table 1.

Since circadian misalignment incorporates components of the 
endogenous circadian system and components of environmental 
and behavioral cycles, relevant circadian metrics for wearables 
include: (1) markers of the endogenous circadian rhythm and (2) 
external cues, also known as Zeitgebers, that influence circadian 
timing (Table 2). Some circadian metrics overlap with sleep, such 
as the segment of the day with the lowest activity, which could 
be inferred as sleep. Pairing wearables with a user interface or 
mobile device (e.g. smartphone) to administer questionnaires 
and collect data on many of the environmental and behavioral 
metrics (e.g. ecologic momentary assessments) will be required, 
whereas other metrics, such as timing of exercise, can be inferred 
from a wearable itself without user input.

Review of current wearables used in sleep 
and circadian science

Overview of wearable devices quantifying sleep

Among current wearables, wrist-worn devices, including 
actigraphy, are most widespread, and most often use 

Table 1. Sleep-relevant metrics for wearable devices

Sleep duration Sleep quality EEG Physiological Breathing

•  Total sleep 
time (TST) 
[48] 

•  Time in bed 
(“lights out” to 
“lights on”)

•  Wake after sleep onset 
(WASO) [48] 

•  Sleep onset latency [48] 
•  Percent sleep efficiency [48] 
•  REM latency  

(stage R latency) [48] 
•  Periodic limb movements [48]

•  Sleep staging [48] 
•  Sleep spindles [48] 
•  Slow wave  

activity [48] 
•  Slow oscillations [49] 

•  Heart rate (beats per 
minute) 

•  Heart rate variability  
[50, 51] 

•  Blood pressure 
•  Body position [48]

•  Blood oxygen saturation [48] 
•  Apnea/hypopnea index (AHI) [48] 
•  Respiratory rate and effort [48] 
•  Snoring [48] 
•  Nasal pressure [48] 
•  Airflow [48]

Table 2. Circadian-relevant metrics for wearable devices

Environmental Behavioral Physiological

•  24 hour light exposure pattern (intensity 
and wavelength) [52] 

•  Geographical location (e.g. global posi-
tioning system) 

•  Ambient temperature of local environment 
(e.g. bedroom temperature)

•  Sleep onset latency [48] 
•  Waketime 
•  Timing of energy intake including alcohol 

and caffeine 
•  Timing of supplement and medication in-

take 
•  Timing of physical activity

•  Heart rate (beats per minute) 
•  Blood pressure 
•  Skin temperature 
•  Core body temperature 
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accelerometry-based data. Estimated metrics typically include 
bedtime, waketime, sleep duration, and sometimes include sleep 
onset latency, wakefulness after sleep onset, and sleep efficiency. 
Newer multisensor devices integrate additional metrics such as 
heart rate, skin conductance, skin temperature, and blood oxy-
genation to supplement the accelerometer data. Other wearables 
are worn at the upper arm and were originally designed to esti-
mate energy expenditure—particularly in athletes—by combining 
accelerometer data with sensors for body temperature and gal-
vanic skin response. Because these devices utilize similar tech-
nology as actigraphy (i.e. accelerometry), many have been tested 
for detection of sleep metrics [53, 54]. Though less common than 
wrist/arm-worn devices, wearables placed at other locations on 
or near the body have been purported to measure sleep. Examples 
include pedometers, chest sensors, rings, and mattress sensors. 
Finally, in addition to devices that use accelerometers to estimate 
sleep, technological developments in ambulatory electrophysi-
ology have led to consumer-based devices that quantify sleep via 
EEG (see de Zambotti et al. for a recent review [55]). 

Overview of wearable devices quantifying 
circadian timing

Fewer wearable devices target the assessment of circadian 
timing, and even fewer of these devices are commercially avail-
able and designed for consumer use. Many of these devices focus 
on measurements of core body temperature, or use peripheral 
body temperature to estimate core body temperature. These data 
are then used to estimate attributes of circadian rhythms such 
as circadian period, amplitude, and core body temperature min-
imum. In place of the gold standard rectal thermistors to measure 
core body temperature, less invasive approaches include the use 
of ingestible capsules that telemetrically monitor internal body 
temperature and peripheral skin temperature sensors. Three de-
vices under development have used temperature sensors on the 
head (e.g. in a headband or helmet) to estimate cerebral tempera-
ture based on mechanisms of bioheat transfer [56–58]. Other de-
vices have embedded temperature sensors in a multisensor vest 
[59] or a flexible wireless skin temperature system that can be 
placed directly on the body [60]. Results from validation studies 
on many of these devices are mixed [61, 62]. 

Emerging evidence suggests data acquired from research-
grade actigraphy may also have applications for circadian 
physiology. In particular, continuous light and 24-h rest-activity 
pattern data show promise in predicting circadian phase 
and period in healthy adults [63]. Research validating this 
in night shift workers is underway [64, 65]. While few wrist-
worn consumer-based wearables currently have integrated 
light sensors, this may represent untapped opportunities for 
consumer-based sleep devices to extend their applications to 
circadian rhythms.

Need for Independent Validation of 
Wearables to Support and Advance Sleep 
and Circadian Science

Workshop consensus opinion: validation of current 
wearables in sleep and circadian science

Only a subset of the commercially available wearable devices 
has been independently tested for validity against the gold 

standards (for extensive reviews, see the following [55, 66]), 
and some of the validated devices are no longer available due 
to company closures or product discontinuation. Furthermore, 
most validation trials are limited to small samples of young 
adults with adequate sleep schedules and no sleep disorders. 
Wearable validation as a whole is far behind the pace of the 
wearable industry and is inadequate to support the growing use 
of wearable devices in research and clinical practice.

With few exceptions [67–70], wearable devices overestimate 
PSG total sleep time [53, 71–81] and underestimate PSG wake-
fulness after sleep onset [72–74, 76–79, 81]. On an epoch-by-
epoch (EBE) basis, wearable devices tend to have high sensitivity 
(ability to correctly classify PSG sleep epochs) and poorer spe-
cificity (ability to correctly classify wake epochs). Sensitivity is 
usually narrow and greater than 90%, while specificity is wider 
(20%–80%) averaging ~50%, for consumer- and research-grade 
devices (Figure 1). This holds true for wearable devices in chil-
dren and adults, and in the presence of sleep pathologies (e.g. 
apnea, hypersomnolence, insomnia), using accelerometry-
based or multisensor wearables. Similar to actigraphy [82], the 
performance of other wearables decreases with the increase in 
PSG identified sleep disruption; this, however, has been directly 
tested in just a few studies using consumer sleep wearables [67, 
74]. Other factors including sleep disorders and age [70, 73] also 
affect device performance, but results are mixed and further 
analysis of factors potentially affecting device performance is 
needed (e.g. alcohol consumption).

The limited validation of wearables against gold standards is 
the major barrier in applying wearables to sleep and circadian 
research and to clinical sleep medicine [83]. Wearable technology 
is an unregulated space, and most consumer wearable devices 
are not approved by the FDA and are therefore categorized as 
“wellness” products. This may change with new initiatives such 
as the Digital Health Software Precertification (Pre-Cert - https://
www.fda.gov/medical-devices/digital-health/digital-health-
software-precertification-pre-cert-program). Some wearable 
companies are starting to partner with research and clinical 
actigraphy manufacturers to position wearable technology for 
FDA approval to support medical research, but extensive devel-
opment is still needed. Validation of wearables for research and 
clinical use must be conducted using the established sleep and 
circadian gold standard protocols. Testing or comparing wear-
able devices against actigraphy or other wearables that may 
include EEG or other components of PSG may provide useful 
data under some circumstances; however, this type of analysis 
is not adequate for validation. Furthermore, multi-night in-lab 
validation of wearables is needed (i.e. does a device show the 
same validity night after night) since wearables are intended 
for long-term monitoring of sleep. Finally, validation studies 
should consider the full range of measures potentially useful 
in research and/or clinical settings. For example, one measure 
rarely validated in either actigraphy or wearables is time-in-
bed. Indeed, even actigraphy only automatically detects the 
“sleep interval” (i.e. the period between the first and last epoch 
of sleep) and requires user input to measure time-in-bed. Some 
commercial wearables also allow user input to specify time-in-
bed. It would be extremely valuable, especially in disorders like 
insomnia, for technological developments and research to iden-
tify valid estimates of time-in-bed and to discriminate time-in-
bed from pre-bedtime sedentary activities (e.g. watching TV in 
the dark or quietly reading) without the need for user input. 
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Workshop consensus opinion: guidelines for 
validation of wearables for sleep and circadian 
outcomes

When planning to conduct a validation study of a new wearable 
device, or an existing device in a new population, it is critical to 
use the following best practices to yield outcomes that are most 
useful for the sleep and circadian fields, and to allow compari-
sons across studies, devices, and algorithms. Initial validation 
studies should first assess the main device outcomes against 
the established sleep and circadian gold standards. Additional 
metrics such as those outlined in Tables 1 and 2 also require val-
idation against the gold standards. Guidelines for conducting a 
rigorous validation study are provided in Table 3. 

Despite the tendency to prioritize novelty in original manu-
scripts, validation studies should prioritize standardization and 
replication. Works from different groups replicating previous 
validations should be encouraged. Implementing a standard-
ized typology (reflecting the requirements outlined in Table 
3) would help facilitate consistency across validation studies. 
Once a device is validated against the gold standard for a spe-
cific population, follow-up studies should aim to replicate and 
extend the initial validation findings by also using the device 
to address a scientific question. For example, studies showing 
the applied or clinical utility of a device outside the labora-
tory are critical to show how useful the devices are in more 
naturalistic settings. Such studies might want to: (1) compare 
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Sensitivity

Wearable device Standard actigraphy

Reference Standard Actigraphy Wearable Device Sample
Cook et al., 2018b81 - Fitbit Alta HR Adults with suspected central disorders of hypersomnolence
Cook et al., 2018a89 Actiwatch 2 Jawbone UP3 Adults with mix sleep disorders

Pesonen and Kuula, 2018 (part 2)68 Actiwatch 2 Polar A370 Healthy adolescents
Pesonen and Kuula, 2018 (part 1)68 Actiwatch 2 Polar A370 Healthy children

de Zambotti et al., 2018 (part 2)80 - Fitbit Charge 2 Healthy adults with PLMS > 15/hour
de Zambotti et al., 2018 (part 1)80 - Fitbit Charge 2 Healthy adults

de Zambotti et al., 201767 - ŌURA ring Healthy adolescents
Maskevich et al., 2017 (part 2)79 Actiwatch S Pro Fitbit One Adults carrying Huntington's gene
Maskevich et al., 2017 (part 1)79 Actiwatch S Pro Jawbone UP2 Adults carrying Huntington's gene

Kang et al., 2017 (part 2)78 Actiwatch 2 Fitbit Flex Adults with insomnia disorder
Kang et al., 2017 (part 1)78 Actiwatch 2 Fitbit Flex Adults

Cook et al., 201777 Actiwatch 2 Fitbit Flex Adults with depressive disorder
de Zambotti et al., 201676 - Fitbit Charge HR Healthy adolescents
de Zambotti et al., 201574 - Jawbone UP Adult women with and without insomnia disorder

Toon et al., 201670 Actiwatch 2 Jawbone UP Children with mixed sleep disorder and related comorbities
Meltzer et al., 201572 - Fitbit Ultra Children with and without sleep disturbances

Montgomery-Downs et al., 201271 Actiwatch-64 Fitbit "Original" Healthy Adults

Figure 1. Sensitivity and specificity (upper panel) for different wearable devices tested against PSG. Sensitivity and specificity for research/clinical-grade actigraphy 

is also presented when standard actigraphy and wearable devices were simultaneously tested against PSG. Information about devices and population used in each 

study are displayed in the bottom panel. Only data for wearables used in ‘normal’ setting are presented. Refer to the text for discussion about the ‘sensitive’ setting.
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Table 3. Guidelines for performing and interpreting results from device validation of sleep and circadian metrics

Validation process Practical recommendations

Step 1: Validation study implementation
Gold standard for 

comparison
•  For total sleep time and sleep staging, PSG should be the 

only valid reference for wearable device validation.  
•  When research-grade actigraphy is used in conjunction 

with a wearable device, both devices should be compared 
against PSG.  

•  Portable full PSG systems can also be used for unattended 
PSG-device comparisons in at-home environments. 

•  For circadian timing, 24 h profiles of core body tempera-
ture or dim light melatonin are the only valid references 
for wearable device validation.

•  Only PSG-device comparisons should be accepted for 
validation. 

•  Manually score PSG sleep records using current AASM 
guidelines.  

•  Perform double-scoring to minimize biases in PSG-
device comparison. 

•  24 h assessments should be conducted in laboratory 
environments to control for confounding factors (e.g. 
posture, light, physical activity)

PSG-device syn-
chronization

•  Timing synchronization between PSG and devices is cru-
cial, particularly for epoch-by-epoch analysis.

•  Clearly report steps taken to ensure PSG-device syn-
chronization.

Data access •  Device manufacturers as well as third-party research 
tools may provide access to epoch-by-epoch data and/or 
provide necessary support/information for device valid-
ation.

•  As a minimum requirement for validation, access to key 
epoch-by-epoch sleep data should always be attempted 
and steps taken to obtain access should be clearly de-
scribed 

•  Information and known limitations on how a device 
defines and calculates key sleep or circadian metrics 
should be clearly described. 

Device setting •  Wearable devices should be used and worn as per manu-
facturer instructions and specifications during validation.

•  Sleep technicians or trained staff should apply the de-
vices to the participants.  

•  When algorithm sensitivity options are available 
‘normal setting’ should be the first choice for comparing 
against the gold standard 

•  If possible, the performance of different sensitivity set-
tings should be also evaluated.

•Sample selection •  Dedicated independent validations specifically designed 
to test device performance under different populations 
and conditions are required elements of device valid-
ation.  

•  Validations based on secondary aims and data collected 
as part of separate studies, i.e. ‘convenience samples’, are 
acceptable for preliminary studies, and must be reported 
as such in manuscripts.

•  Sample characteristics need to be fully described, 
including demographic and socioeconomic status.  

•  Sample selection should be large enough to control or 
stratify by critical features (e.g. age, sex, sleep disorders) 
that potentially affect device performance. 

•  When using convenience samples, there should, at 
minimum, be enough power to control for a variety of 
factors (e.g. age, and sex)

Step 2: Statistical analysis and reporting 
Testing the sig-

nificance of the 
device outputs 
versus the sleep 
and circadian 
gold standards

•  It is important to directly compare the mean sleep or 
circadian metrics derived from the wearable device 
versus established gold standards utilizing basic mean 
comparison statistics such as t-tests, repeated meas-
ures ANOVA or linear mixed models (or equivalent 
non-parametric approaches).  

•  This analysis will identify statistically significant sys-
tematic differences between the wearable device and 
gold standards and whether the device overestimates/
underestimates specific outcomes, forming the basis for 
interpreting the biases from subsequent Bland-Altman 
analysis.

•  Provide a table with descriptive statistics for the gold 
standard parameters and the equivalent device sleep or 
circadian metrics, and their statistical differences (tests- 
and p-values).

Bland-Altman plots •  Bland–Altman plots qualitatively assess the concordance 
between two instruments and are ideal for evaluating 
overall device performance.  

•  By plotting the gold standard values on the x-axis and the 
difference between the gold standard and device values 
(e.g. PSG TST - device TST) on the y-axis, the Bland-
Altman plots allow visualization of the gold standard 
versus device discrepancies as a function of the gold 
standard measurements.

•  Bland-Altman plots and quantitative metrics such as 
mean differences (or biases), SD and ±95%CI of the 
biases, lower and upper limits of agreement for the gold 
standard versus device outcomes, should be provided.  

•  For the interpretation, a significant direct comparison 
test and a positive bias indicates that the device under-
estimated the observed outcome, whereas a negative 
bias indicates that the device overestimated the ob-
served outcome. 

•  Proportional bias metrics provide information on the 
stability of differences between the gold standard and 
the device, and should be reported for each Bland-
Altman plot.
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devices against actigraphy outside the lab (where actigraphy is 
an accepted methodology); (2) assess the concordance between 
measures of sleep or circadian rhythms from the device and 
clinical measures (e.g. symptom severity) or applied measures 
(e.g. performance); (3) test the ability of device measurements to 
predict changes in clinical or applied outcomes; and/or (4) test 
the utility of device measurements within already established 
prediction models (e.g. models of sleepiness and PVT perform-
ance currently utilized in operational settings). Studies testing 
the usefulness of consumer wearables in these contexts would 
likely have larger scientific and practical impacts than the ori-
ginal lab-based validation studies. 

A public database containing the necessary meta-data (e.g. 
demographic and health status), results, and raw data of val-
idation studies could encourage the dissemination of findings 
that simply replicate previous validation studies, and enhance 
the ability of researchers and clinicians to have quick access 
to validation data. For example, validation data that is part of 
a larger scientific study could be uploaded onto such a public 
database where it is easily accessed, instead of buried in sup-
plementary files or not published. Furthermore, such a public 
database should include standardized wearable datasets that 
are matched with PSG data collected simultaneously with the 
wearable. This will allow engineers to rapidly improve product 
development and algorithms. This type data repository could 
also facilitate validation of algorithms rather than specific de-
vices per se, and thereby create the opportunity to apply valid-
ated algorithms to multiple wearables. 

Finally, the field must acknowledge the bias some hold 
against the use of consumer wearables in research. Such bias 

has led to a focus on the limitation of wearables, as well as to 
holding research with wearables to a different standard than the 
one used for actigraphy. Perhaps the most commonly expressed 
concern relates to the “black box” nature of algorithms used to 
analyze data from wearables. The common argument states 
in-lab validation studies only apply to the specific device model 
and firmware/software version used in a given study. Since the 
manufacturer can update firmware/software at any time, any 
other version of firmware/software must be considered suspect 
until validated. While this black box nature of consumer devices 
is a legitimate concern, it must be considered in a broader con-
text. For example, actigraphy manufacturers also use proprietary 
algorithms that can change with any new version of software. 
This is why it is common practice to report the version of soft-
ware utilized for a given study. The same should be true for 
studies employing consumer wearables (see Table 3). In addition, 
if firmware/software versions are tracked throughout a study, 
specific analyses can examine if such changes impacted validity 
or other outcome variables reported. One big difference between 
actigraphy and consumer wearables related to this concern is 
research grade actigraphy generally allows raw data access. 
Thus, if a user does not like or trust the proprietary algorithm, 
they are free to develop and validate their own, or to incorporate 
the raw data into other models. As stated below, we urge con-
sumer wearable manufacturers to provide the same access to 
raw data, and some do. Implicit in the black box critique is the 
concern that device manufacturers will alter the algorithm for 
converting raw data (movement, heart-rate variability, etc.) into 
sleep/wake or sleep stage data when they update firmware/soft-
ware. Yet, the field has long assumed actigraphy manufacturers 

Validation process Practical recommendations

Epoch-by-epoch 
(EBE) analysis

•  EBE analysis allows the assessments of sensitivity  
(proportion of PSG epochs correctly identified as “sleep” 
by a wearable device) and specificity (proportion of PSG 
epochs correctly identified as “wake” by the device) of a 
device.  

•  EBE should be performed on an individuals’ level.

•  Mean and SD of sensitivity and specificity should be 
provided. 

•  Error matrix (or confusion matrix) providing the full 
representation of EBE analysis by cross tabulating the 
agreement and disagreement between device and PSG 
derived sleep outcomes should be included. 

•  When device sleep staging is available, the “% of PSG-
device agreement” in the EBE sleep classification (N1+N2 
[considered “light sleep”], N3 [considered “deep sleep”] 
and REM sleep) should be provided.

Step 3: Important considerations when reporting validation study outcomes
Algorithm version 

and period for 
data collection

•  A major concern in the use of consumer wearable devices 
is that proprietary algorithms used to process the device 
outcomes are subjected to frequent manufacturer  
updates.

•  Provide date (beginning and end) of data collection, spe-
cific device model and firmware version. 

Avoid device updates during the data collection timeframe. 
When this is not possible, a statistical test of whether 
such updates affected performance is desirable. 

Interpretation of 
study outcomes

•  There is no current consensus on specific values or 
thresholds for considering the performance of a device 
as ‘good’, ‘bad’, or ‘acceptable’, and therefore these terms 
should be avoided when describing device performance.  

•  The performance of a device should be judged based on 
the desired application and use (e.g. lower sensitivity/
specificity may be acceptable in large population studies 
compared with smaller laboratory studies or clinical use 
in individual patients where the best possible device  
performance is desirable).

•  Outcomes (e.g. sensitivity, specificity, PSG-device dis-
crepancies in TST) should be reported as they are. 

•  There is not an ‘overall performance’ for a device. A de-
vice has distinct performances on distinct populations 
and outcomes. 

Subjective interpretation of study outcomes and direct com-
parison with previous validation studies in different popula-
tions or study conditions is potentially misleading and should 
be avoided.

Device 
malfunctioning

•  The reliability of a device is an important aspect to  
consider.

•  Number and reason of device failures should be re-
ported.

Table 3. Continued
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do not alter their algorithms once independently validated. This 
implied trust manifests in a lack of validation studies examining 
the latest models/algorithms produced by the largest companies 
in the field. The inverse lack of trust in consumer manufacturers 
reinforces the black box concerns. Here, the onus is on inves-
tigators and reviewers to recognize (and perhaps question the 
validity of) this bias and on consumer manufacturers to increase 
trust by reporting when firmware/software changes affect the 
main outcome measures of their devices.

Workshop consensus opinion: considerations for 
using wearables in clinical and research settings

It is the committee’s position within the current scenario that 
the use of consumer wearables in sleep and circadian research 
and clinical sleep medicine is premature and must be care-
fully evaluated case-by-case. There is currently not enough 
evidence to support the accuracy/validity of multisensor 
sleep trackers in staging sleep, and to our knowledge, there 
is not a direct comparison between new (multisensor) and 
old (accelerometer-based) generation devices. Also, wearable 
devices should be considered in the measurement of night-
time sleep only; the few studies assessing the accuracy of 
wearables for recording daytime naps showed strong limita-
tions of these devices in automatic daytime sleep measure-
ment [81, 84].

Despite the identified limitations, implementation of 
consumer-grade devices in sleep and circadian research and 
medical fields is already happening, reflecting an ongoing in-
evitable change within the sleep and circadian fields. With the 
idea that this process requires regulation, the committee pro-
poses guidelines for using consumer wearables in clinical and 
research settings (Table 4). Overall, choice of a device should 
prioritize a high level of accuracy (as validated against gold 
standards), reliability, and usability. In addition to the following 
guidelines, note that the American Academy of Sleep Medicine 
published a position statement on the use of consumer wear-
able technologies to enhance the patient–clinician interaction 
in clinical settings [83]. 

The committee considered the idea of “how good is good 
enough” with respect to validation. It is likely the answer to 
this question is context dependent (e.g. general consumer 
use to track sleep, inclusion into research studies, screening, 
or diagnosis in clinical setting, etc). Furthermore, since device 
and algorithm validation will inevitably be an ongoing process 
as technology develops, the committee decided it was beyond 
the scope of this initial report to identify minimum validation 
requirements. However, the committee strongly encourages 
validation when implementing wearables for research use. 
Peer-reviewed sleep and circadian journals could consider 
requiring prior or concurrently published validation data, 
against the gold standards, for acceptance of any manuscripts 
describing scientific findings based on wearable technolo-
gies. When the paper under consideration uses a population 
different than that used in validation studies, limitations re-
lated to that difference should be discussed. As the number of 
validation studies grow and report different populations and 
different contexts, the strengths and weaknesses of each de-
vice will become more evident, similar to the evolution of the 
actigraphy literature. 

Workshop consensus opinion: recommendations 
for industry on future directions to improve use, 
research access, and user transparency

As the use of sleep and circadian wearables by researchers and 
clinicians rises, there is an increasing need for engagement with 
industry toward developing standards and guidelines that fa-
cilitate research and clinical use of consumer wearables. This 
is particularly the case when public messaging and education 
around sleep and circadian health, directly by industry or by the 
media, are based on big data from wearable sleep and circadian 
devices. Big data has not only great research potential but also 
has risks of misinforming the public and biasing perceptions re-
garding sleep and circadian health if the data are derived from 
devices with limited validation and known or unpredictable in-
accuracies. Such potential misuse of wearables could delay or 
even reverse the progress of the fields. There would seem to be 
a level of responsibility, beyond profit margins, for collaboration 
among industry stakeholders and academic scientists to: (1) en-
sure the data obtained from their products has demonstrated 
validity; (2) facilitate raw data access for research use; (3) set 
mutually agreed and standardized terminology of sleep and cir-
cadian metrics; and (4) exercise caution and inform the general 
public of limitations in the use and interpretation of non-peer-
reviewed wearable data. At the same time, researchers and clin-
icians need to appreciate the concerns from industry around 
return on investment and intellectual property. The goals of sci-
entists/clinicians and industry are equally valid and they will, at 
times, oppose one another. In the end, the consumer will benefit 
if all stakeholders can agree on ways to balance these concerns. 

Future Directions and Needs of the Sleep 
and Circadian Fields
Interest in developing biomarkers of sleep and circadian health 
is rapidly expanding and has implications from basic research 
to clinical practice. Initial biomarker discovery efforts using 
controlled laboratory trials are underway [85–87]. As these ef-
forts progress, we must expand beyond the laboratory set-
ting and translate biomarkers into “real-world” settings using 
large-scale field studies and clinical trials. Such large-scale 
translational studies are not possible using the traditional 
gold standard sleep and circadian protocols. Wearable tech-
nologies, however, are ripe for such biomarker development 
and large-scale studies, consisting of data from up to millions 
of nights of sleep from commercial wearables. If successful, 
such biomarkers will create unprecedented opportunities to 
track changes in multisystemic physiological functions (e.g. 
heart rate, body temperature, respiration), behavioral and psy-
chomotor outputs (e.g. general physical activity levels, specific 
movements, reaction times), and environmental factors (e.g. 
light, ambient temperature, geographical location) across dif-
ferent sleep and wake states, as well as across the 24-hour cycle. 
The success of such multisystemic data collection will rely on 
validation and standardization of wearable use. Altogether, the 
expansion and use of wearable technologies is squarely posi-
tioned in several aspects of the ongoing research agenda in the 
sleep and circadian fields [88]. 

One key area that wearables have potential to advance the 
field is in the assessment of fitness for duty, with implications 
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Table 4. Guidelines for how to choose a wearable device for research/clinical use

Decision process Practical recommendations

Step 1: Things to know before deciding to use a consumer wearable 
Be aware of the limitations of using a consumer wearable device
Device types • There are two main classes of wearable devices: (1) 

accelerometry-based and (2) multisensory sleep 
trackers.  

•  The performance of accelerometry-based devices is 
currently more comprehensively characterized and 
understood compared to multisensory devices.  

•  However, the capability of providing sleep/wake states, 
sleep stages, and sleep-related physiology is likely 
only possible using a multisensory device.

•  If only information about sleep/wake state is needed, 
accelerometry-based wearables may be suitable.  

•  Only multisensory approaches offer a broader range of 
sleep (e.g. sleep staging) and sleep-related (e.g. heart rate) 
outcomes. 

•  The new generation of multisensory wearables seem to 
generally perform better than motion based sensors in 
sleep/wake assessment. However, no direct comparisons 
are currently available.

Unregulated •  Currently, wearable technology is largely an unregu-
lated space and consumer wearables are not designed 
for research and clinical purposes. 

•  This issue cannot be easily solved. Only devices with 
documented independent validation should be con-
sidered.

Proprietary algo-
rithms and firm-
ware updates

•  The analytics and algorithms used to provide sleep 
and circadian metrics are unknown and likely to 
change over time (e.g. firmware updates).  

•  Firmware updates may affect data acquisition over 
long-time, and thus the main outcomes (e.g. total 
sleep time) of interest.

•  All updates should be avoided during the data collection 
timeframe. 

•  Firmware version should be recorded at the beginning 
and at the end of data acquisition, and at regular intervals 
during data acquisition. 

•  If update is unavoidable, this should be used as a factor in 
the analysis. 

Sleep and circadian 
metrics

•  Definition of device outcomes may not be consistent 
with the scientific terminology. 

•  Only main sleep and circadian metrics clearly defined and 
specified by the device manufacturers should be used. 

•  If there is uncertainty regarding sleep or circadian met-
rics from a device, it is recommended to clarify with the 
manufacturer  

For an example, the use of ‘deep sleep’ is acceptable only if speci-
fied as PSG N3 equivalence.

Data access •  Due to their proprietary nature, raw data (sensor data) 
for most consumer wearables are not accessible. 

•  Making raw data publicly available or accessible to re-
searchers and clinicians whenever possible will enhance 
the rate of progress. 

•  Data can sometimes be accessed directly by manufac-
turers’ web platforms, third party services, dedicated API. 

•  The process to access data in validation studies should be 
reported

Understanding 
wearable valid-
ations

•  Few device models are currently validated, and the 
only acceptable validations are those using estab-
lished gold standards for comparison.  

•  There is currently no consensus on interpreting  
validation study outcomes. 

•  Validation results cannot be generalized to a brand or dif-
ferent populations  

•  Results from wearable validation are only applicable to a 
specific device model, condition and sample tested.

Device 
malfunctioning or 
inappropriate use

High rate of devices failure (frequently above 15%) has 
been repeatedly reported.

•  Available information on failure rates should be taken 
into account when deciding on a device for validation and 
research use 

•  It is recommended to develop clear standard operating 
procedures and training of research staff on the use, ap-
plication and troubleshooting of a device to minimize the 
risk of device malfunctioning and data loss 

•  Trained staff should always set-up the wearable device on 
the participant using manufacturer specifications 

Step 2: Decision process: Study-specific factors to consider in choosing a device 
Defining aims, sample, experimental design, and expected outcomes is a necessary step to inform the choice of a wearable. These factors can affect device 

performance, and thus study outcomes.
Sample •  Age, sex, presence of sleep disturbances, and other 

demographic factors may affect the accuracy of a de-
vice, and this impact may vary across different sleep 
outcomes.  

For an example, the accuracy of a device may be better/worse 
in young vs old adults in regards to total sleep time, but age 
may not be as important for heart rate. 

•  The impact of demographic factors needs to be taken into 
account when interpreting wearable sleep data as differ-
ences in sleep outcomes (e.g. WASO) between young and 
old participants may be driven by differences in sensi-
tivity/specificity and accuracy of the device across age. 
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for military organizations, first responders, health-care pro-
viders, and transportation industries. The adverse impacts of 
sleep loss and circadian misalignment on workplace safety and 
performance are increasingly recognized. This is especially rele-
vant for individuals: (1) working extended hours, overnight, and/
or frequently changing time zones and (2) whose tasks involve 
high risks for consequential errors or injuries to self or to others. 
Further work is required to determine how wearables may as-
sist in quantifying not only previous sleep history but also inte-
grate circadian timing with sleep history to quantify the levels of 
alertness required to safely perform duties. From this perspec-
tive, wearables have high potential to facilitate objective and in-
dependent monitoring to inform occupational health and safety 
policies and verify their implementation.

We anticipate that wearables will expand investigations of 
how sleep and circadian timing relate to transitions between 
wellness and disease states. This area of research has been 
mostly limited to objective data collected in relatively small la-
boratory studies, or to larger data sets based on self-reported 
subjective information. Wearables have the potential to facili-
tate collecting objective sleep and circadian data in large-scale 
longitudinal cohorts. There will notably be a need to link wear-
able data to other biomarkers such as omics, cardiometabolic, 
and endocrine markers, as well as clinical outcomes docu-
mented in electronic medical records. Wearables represent an 
invaluable tool to quantify the temporal dynamics of sleep and 
circadian biomarkers along the course of illnesses, a necessary 
step to better delineate the potential influence of sleep and cir-
cadian timing for health and disease. This is also crucial to ex-
plore the potential of sleep and circadian biomarkers to predict 
the emergence of illness and subsequent health trajectories. 

This may enable the development of objective self-monitoring 
systems with implications for personalized and preventative 
medicine and daily disease management. 

 Another promising research area is the potential use of 
wearables to track adherence to and changes following research 
or clinical interventions. Tracking how sleep or circadian met-
rics respond to specific interventions may unveil new indices of 
treatment response. This area of research has high potential to 
facilitate the translation of findings from laboratory-controlled 
studies to larger populations in prospective studies, and to 
translate research findings into clinical practice. In line with this 
concept, another opportunity for the sleep and circadian fields 
is to promote the use of validated wearables to track sleep and 
circadian physiology in related but independent fields of study. 
For example, using wearables to track sleep and circadian physi-
ology in clinical trials focused on diabetes outcomes has high 
potential to advance the diabetes and the sleep and circadian 
fields. 

With the near ubiquitous use of wearables in modern so-
ciety, the data and user information associated with wearables 
represent potential ethical issues related to privacy and se-
curity. The potential of linking wearable data with electronic 
medical records further increases this concern. As the field 
progresses, standards and recommendations on security and 
privacy for consumers, researchers, and wearable companies 
will help mitigate this threat. Related, wearable device data 
could be used by employers and insurance companies to make 
decisions regarding hiring, promotion, and insurance pre-
miums. Thus, access and use of wearable data must be con-
trolled and regulated to ensure fair and equitable decision 
making in such scenarios. 

Decision process Practical recommendations

Experimental design •  Experimental manipulations (e.g. sleep deprivation, 
circadian misalignment, drug trials) may affect device 
performance due to the dependency of device ac-
curacy on features that will change as a result of the 
manipulation (e.g. accelerometer, heart rate and its 
variability, temperature) used by these devices.

•  Planned between- and within-group comparisons testing 
the effect of experimental manipulations or conditions on 
device outcomes should be carefully interpreted. 

For an example, some data indicates device performance decreases 
with sleep restriction/deprivation. 

•  Carefully check device manufacturers’ specification for 
any potential restriction in the use of a device.  

For an example some devices do not provide sleep information 
below a certain amount of time spent ‘asleep’.

Sleep, circadian, and 
other metrics of 
interest

•  Each specific device has a distinct accuracy for  
each of the outcomes provided.

•  Researchers/clinicians should evaluate a device based on 
the performance of the main variable of interest against 
PSG. 

For example, if interested in the amount of wakefulness at night, a 
device should be selected by prioritizing the device performance 
on PSG WASO estimation in validation studies. 

•  Currently, only the main sleep outcomes should be con-
sidered for use (total sleep time, wake after the sleep 
onset, sleep onset and wake-up timing). 

Day-time sleep •  The current evidence does not support the use  
of consumer wearable devices for daytime sleep  
assessment.

•  Current wearable devices should not be used to assess 
daytime sleep or naps

Step 3: Interpretation of study outcomes based on consumer wearable data
Expected outcomes 

and magnitude of 
the effect

•  Effect size is particularly important in the interpret-
ation of the statistical or clinical significance in sleep 
and circadian metrics.  

•  The effect size expected by researchers/clinicians in 
a particular comparison or trial may help inform the 
choice of a specific device.

Researchers/clinicians should consider the magnitude of 
the expected effect size.

Table 3. Continued
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There are potential economic conflicts of interest sur-
rounding the use of wearables to diagnose disease. For example, 
if a wearable is used to diagnose a medical condition, the diag-
nostic thresholds will have a large impact on the number of in-
dividuals eligible for treatment. Medical care systems, insurance 
companies, wearable companies, pharmaceutical companies, 
health-care providers, researchers, and consumers all have un-
equal stakes in the economic and health outcomes associated 
with such diagnostic thresholds. Where possible, the sleep and 
circadian fields should help guide such decision making based 
on objective rigorous data. Ultimately, sleep and circadian sci-
entists need to engage the general public and policy makers on 
best recommendations and practices for the use of sleep and 
circadian wearables, especially as the data relates to the health 
and well-being of the public. 

Conclusion
Given the advancements in the sleep and circadian fields in re-
cent decades, the development of validated sleep and circadian 
biomarkers has great potential to enhance the translation of 
basic sleep and circadian research into clinical practice [35]. As a 
field, we are in the early biomarker development phase, and it is 
important to explore all potential biomarker development pipe-
lines, including the use of wearable technology. As various bio-
marker development approaches are explored, the field should 
consider the use of different technologies to develop different 
biomarkers where appropriate (e.g. acute versus chronic insuffi-
cient sleep). Furthermore, continued collaboration in biomarker 
development efforts across labs, between the sleep and circa-
dian fields, and in conjunction with industry and clinical efforts 
will have the highest probability of success. 

The 2018 “International Biomarkers Workshop on Wearables 
in Sleep and Circadian Science” characterized the use of “wear-
able” to include wearables, nearables, and ingestibles. The com-
mittee identified the poor validation of current wearables as the 
primary barrier in applying wearables to sleep and circadian re-
search on a large scale. As such, the committee defined the best 
practices for validation studies (Table 3) and provided guidelines 
for selecting wearables in future research (Table 4). As the field 
progresses, it is essential for new biomarkers to maintain the es-
tablished level of rigor and reproducibility that exists in the cur-
rent gold standards. Collectively, the sleep and circadian fields 
must uphold these standards, especially as the use of wearable 
devices to quantify sleep and circadian metrics expands into 
other fields of research. Finally, the committee identified key fu-
ture directions and needs of the sleep and circadian fields in the 
biomarker space. In general, there is a large need to translate 
findings from laboratory studies into large-scale field studies 
and clinical trials and we support the continued development 
and validation of wearable devices and technology to support 
such large-scale trials and advance the fields.
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