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Abstract

Background: Actigraphs are widely used portable wrist-worn devices that record tri-axial accelerometry data. These
data can be used to approximate amount and timing of sleep and wake. Their clinical utility is limited, however, by
their expense. Tri-axial accelerometer-based consumer wearable devices (so-called fitness monitors) have gained

popularity and could represent cost-effective research alternatives to more expensive devices. Lack of independent
validation of minute-to-minute accelerometer data for consumer devices has hindered their utility and acceptance.

Methods: We studied a consumer-grade wearable device, Arc (Huami Inc,, Mountain View CA), for which minute-
to-minute accelerometer data (vector magnitude) could be obtained. Twelve healthy participants and 19 sleep
clinic patients wore on their non-dominant wrist, both an Arc and a research-grade actigraph (Actiwatch Spectrum,
Philips, Bend OR) continuously over a period of 48 h in free-living conditions. Time-stamped data from each participant
were aligned and the Cole-Kripke algorithm was used to assign a state of “sleep” or “wake” for each minute-long epoch
recorded by the Arc. The auto and low scoring settings on the Actiwatch software (Actiware) were used to determine
sleep and wake from the Actiwatch data and were used as the comparators. Receiver operating characteristic curves
were used to optimize the relationship between the devices.

Results: Minute-by-minute Arc and Actiwatch data were highly correlated (r=0.94, Spearman correlation) over the
48-h study period. Treating the Actiwatch auto scoring as the gold standard for determination of sleep and wake, Arc
has an overall accuracy of 99.0% + 0.17% (SEM), a sensitivity of 99.4% + 0.19%, and a specificity of 84.5% + 1.9% for the
determination of sleep. As compared to the Actiwatch low scoring, Arc has an overall accuracy of 95.2% + 0.36%, a
sensitivity of 95.7% + 0.47%, and a specificity of 91.7% + 0.60% for the determination of sleep.

Conclusions: The Arc, a consumer wearable device in which minute-by-minute activity data could be collected and
compared, yielded fundamentally similar sleep scoring metrics as compared to a commonly used clinical-grade
actigraph (Actiwatch). We found high degrees of agreement in minute-to-minute data scoring for sleep and wake
periods between the two devices.
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Background

Actigraphs are portable wrist-worn devices that record
tri-axial accelerometry data (i.e., gross movement in three
directions). By imputing sleep patterns from accelerome-
try data, actigraphs have been used for nearly 30 years to
objectively quantify longitudinal sleep patterns in research
studies (Ancoli-Israel et al. 2003). The premise of the algo-
rithms that have been developed for such imputation is to
assume that the wearer is asleep when not moving and to
determine when gross body movements are large and/or
long enough to suggest that the wearer is awake (Cole
et al. 1992; Sadeh et al. 1991). More recently, actigraphs
have been used in clinical practice, especially in the moni-
toring and treatment of insomnia-related disorders
(Ancoli-Israel et al. 2003; Kushida et al. 2001; Morgentha-
ler et al. 2007). Wide-spread use has however been limited
by the high cost of these devices.

There has been a massive increase in the use of acceler-
ometers in recent years as they are found in most cell
phones and wrist-worn fitness trackers. Many of these de-
vices use the accelerometer to track movement for use in
both sleep and exercise tracking. As these are consumer
devices, the algorithms that translate ‘raw movement’ data
into ‘sleep/wake’ activity are proprietary. Despite the raw
data that is used to impute sleep and wake not being made
available to researchers, the whole-night sleep measures of
a few of these devices have been validated to varying de-
grees (de Zambotti et al. 2016; Bianchi 2017; Roomkham
et al. 2018). In order to perform proper validation studies,
however, an important criterion is to have access to
minute-by-minute raw data, as is available in research/
clinical-grade actigraphs.

The objective of this study was to examine the feasibil-
ity of using a low-cost consumer grade wearable device
as an actigraph device for sleep monitoring (see Table 1
for device specifications). We identified a low-cost wear-
able device, the Amazfit Arc (Huami, Inc), in which
minute-by-minute activity data could be obtained. To
our knowledge, this is the first study comparing the raw
minute-by-minute accelerometry data obtained from a
low-cost consumer wearable device to that obtained

Table 1 Comparison of consumer- and research-grade actigraphs

Amazfit Arc Philips Actiwatch
Spectrum
Cost? $70 $900-1000
Accelerometers MEMS tri-axial Piezo-electric tri-axial
Accelerometer sampling rate 25 Hz 32 Hz
Weight 209 31¢g
Recording time 30 days 60 days
Battery life (one charge) 20 days 60 days
Light sensor None Yes

“Manufacturer suggested retail price at the time of this study. g gram
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from a clinical-grade actigraph in estimating sleep pa-
rameters in free-living conditions.

Methods

Twelve community-dwelling participants without signifi-
cant self-reported health issues or sleep disorders and
twenty-two sleep clinic patients at the Stanford Univer-
sity sleep clinic were recruited to participate in this
study. Three of the sleep clinic participants did not
complete the study due to missing data: two had missing
Actiwatch data and one did not return the devices. In
all, 31 participants completed the study, 20 of whom
were female and 11 male, with a mean (+SD) age of
40.1 £ 7.9 years (range, 19-72). Of the 19 participants re-
cruited from the sleep clinic (mean BMI of 25.2 + 0.9), 16
were later diagnosed with obstructive sleep apnea (OSA,
mild to severe), three were diagnosed with hypersomnia
(one patient was diagnosed with hypersomnia and OSA),
one was diagnosed with delayed sleep -wake phase dis-
order, two have hypertension. All participants wore on
their non-dominant wrist both an Arc and Actiwatch
Spectrum continuously over a period of 48 h in free-living
conditions outside of the sleep clinic (ie., two nights of
data). Participants completed a custom sleep diary con-
comitant with wearing the actigraphs. Arc devices (six de-
vices) were purchased from Huami Inc. (Mountain View,
CA). Actiwatch Spectrum devices (three devices) were
purchased from Philips Respironics (Bend, OR). Both Arc
and Actiwatch devices were configured to store data as
the integral of activity occurring in 60 s segments. Time
synchronization was performed across the Arc and Acti-
watch devices at the beginning of each participant’s study
period. A Samsung Android (version 7.1.1) smartphone
installed with the Amazfit app (version 1.0.2) was used to
communicate with Arc devices. The app was used to
synchronize the Arc devices before and after the study
period. Minute-by-minute accelerometer data were ob-
tained from the Huami Inc’s cloud (https://github.com/
huamitech/rest-api/wiki; last accessed May 7, 2018).
Actiwatch data were retrieved using Philips Actiware
(version 6.0.9).

Time stamps were used to align minute-by-minute
data from both devices. Sleep diary data were used to set
the time in bed window. Spearman’s correlations were
used to compare the raw values of the Arc and
Actiwatch devices on a minute-by-minute basis in each
participant. Actiwatch data in Actiware were also con-
verted into “sleep” and “wake” using the built-in algo-
rithms on both “auto” and “low” settings. For the Arc
device, data were cleaned by removing a series of default
output values of “20” while device was inactive. To de-
termine the occurrence of wake, we first determined a
Wake Threshold Value=(Yall activity during mobile
time/mobile time)+k; such that k is a constant and
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mobile time is the total time of minute epochs where ac-
tivity is >2. We then used the Cole-Kripke algorithm
(Cole et al. 1992) to derive a window adjusted activity
value for each 1-min epoch: Total Activity = Eg+ E; #0.2
+E_;#0.2+Ey+0.04 + E_5 +0.04; such that E, is the ac-
tivity level in the one-minute epoch of interest, E; is one
minute later and E_; is one minute earlier, and so on. If
the Total Activity in a given one-minute epoch is less
than or equal to the Wake Threshold Value, the epoch is
scored as sleep. If the Total Activity in a given
one-minute epoch is greater than the Wake Threshold
Value, the epoch is scored as wake. The Actiwatch uses
k =0.88888 in its auto scoring method. In Actiwatch’s
low scoring method, a Wake Threshold Value of 20 is
used. A secondary algorithm (Kripke et al. 2010;
Webster et al. 1982; Jean-Louis et al. 2001) was used to
automatically determine sleep onset time and sleep offset
time. The algorithm scans the initial minute-by-minute
scoring of each time in bed window. Within each window,
the beginning of the first five or more consecutive sleep
minutes was defined as sleep onset time. Epochs that were
initially scored as sleep, before such an onset time, were
rescored as wake. Similarly, the end of the last five or
more consecutive sleep minutes was defined as sleep off-
set time. Any epochs that were initially scored as sleep,
after such an offset time, were rescored as wake.

Using a receiver operating characteristic (ROC) analysis,
we explored a range of constants to select an optimal
value for Wake Threshold Value determination in the Arc,
using the results from the Actiwatch as the “gold stand-
ard”. To determine the relative accuracy of the Arc device,
we compared minute-by-minute sleep and wake assign-
ments in both devices and calculated the overall accuracy
[(True Positive (TP) + True Negative (TN))/total], sleep
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specificity), sleep specificity [TN/(TN + False Positive
(EP))] (same as wake sensitivity), and wake precision [TN/
(TN + EN)]. Summary results on total sleep time (TST)
and wake after sleep onset (WASO) were calculated. Data
are presented as mean + SEM except where noted.

Results

We compared minute-by-minute data obtained from
both the Arc and Actiwatch devices over the 48-h study
period from all 31 participants. The overall patterns ob-
served between the Arc and Actiwatch appear to be
quite similar (Fig. 1).

Within participants, absolute activity for the Actiwatch
and Arc devices were highly correlated (r = 0.94 + 0.005,
range: 0.87-0.98, n =31; Spearman correlation). Move-
ment data from in-bed periods were also well correlated
(r=0.89+0.01, range: 0.73-0.96, n = 31; Spearman cor-
relation). The absolute difference in values obtained
from the Actiwatch and Arc were approximately 9-fold
different in magnitude (linear regression of all data,
slope + SD = 0.11 + 0.02) (Fig. 2).

To determine a Wake Threshold Value that would yield
optimal correspondence between the minute-by-minute
score of the Arc and Actiwatch, we compared sensitivity
and specificity of a series of Wake Threshold Values using
ROC analysis (Fig. 3). For the Actiwatch analysis in which
the Wake Threshold Value was determined on auto set-
ting, a k constant of 1.1 used for the Arc data was deter-
mined to produce an optimal alignment. For the
Actiwatch analysis in which the Wake Threshold Value
was determined on low setting (a high sensitivity with a
threshold value of 20), a threshold value of 5 used for the
Arc data produced an optimal alignment.

Using the Wake Threshold Values determined in the

sensitivity [TP / (TP+ False Negative (FN))] (same as wake =~ ROC analysis, we then examined the accuracy,
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Fig. 1 (Left) Representative minute-by-minute activity tracing of Arc (top) and Actiwatch (bottom) from a participant over a ~ 48-h period. (Right)
Representative minute-by-minute activity tracing of Arc (top) and Actiwatch (bottom) from a participant over one night
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Fig. 2 (Left) Minute-by-minute absolute activity of Arc and Actiwatch as recorded from all subjects over 48 h (82,587 data points). (Right) Minute-by-minute
absolute activity of Arc and Actiwatch as recorded from all subjects during time in bed periods only (31,374 data points)
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sensitivity, specificity, and precision of the imputed sleep/
wake as determined by the Arc (Table 2). For the most
part, there was good correspondence in the determination
of sleep and wake by the Arc and Actigraph. Using the
auto setting for scoring of the Actigraph data (correspond-
ing to 1.1 on the Arc), there was a slight underscoring of
wake with near perfect determination of sleep. Using the
low setting for scoring of the Actigraph data (correspond-
ing to 5 on the Arc), there was greater sensitivity for wake
at the cost of a slight underscoring of sleep. We also split
our data into those from healthy participants only (n = 12)
and those from sleep patients (n = 19). The observed con-
cordance between Arc and Actiwatch (auto setting) was
similar, with an overall accuracy of 99.6% in the healthy
group and 98.7% in the sleep patient group.

To examine the possibility of systematic bias in
overall sleep parameter scoring, we generated
Bland-Altman plots to visually inspect the level of
agreement between Arc and Actiwatch derived results
(Fig. 4). Comparing Arc (using k constant of 1.1) and
Actiwatch auto setting, overall bias (discrepancy) in es-
timating TST was —0.44 min over one sleep period.
The spread of the differences is observed to be even,
with no bias in overestimation or underestimation of
TST. For WASO, overall bias in estimating WASO over
one sleep period was 0.35 min. In comparison to
Actiwatch low setting (shown in Fig. 4), the overall bias
in estimating TST was — 4.5 min over one sleep period.
In this case, it appears that using a threshold of 5 in
Arc (compared to a threshold of 20 used in Actiwatch)
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Fig. 3 (Left) A receiver operating characteristic (ROC) curve showing varying constant factors from 0.5 to 2.0 used in the Wake Threshold Value
formula for Arc, as compared to results generated by the auto algorithm from the Actiwatch. (Right) A ROC curve showing varying Wake
Threshold Values from 0 to 20, as compared to results generated by the low algorithm from the Actiwatch
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Table 2 Overall accuracy and comparative performance of Arc in detecting sleep/wake during the main sleep periods, in comparison to
gold-standard determination of “sleep” and “wake” Actiwatch using the preset auto and low settings of the Actiwatch software

Overall Accuracy

Sleep Sensitivity (wake specificity)

Sleep Specificity (wake sensitivity) Wake Precision

99.0% + 0.17%
95.2% =+ 0.36%

99.4% + 0.19%
95.7% = 047%

"Auto” setting

"Low” setting

84.5% + 1.9%
91.7% =+ 0.60%

81.2% + 2.3%
83.6% * 1.2%

results in a slight underestimation of TST for the Arc
device. In terms of WASO, overall bias in estimating
WASO over one sleep period was 3.9 min, with a slight
overestimation using the Arc device.

Discussion

In comparing the accuracy of Arc, a consumer wearable
device, against a clinical/research-grade actigraphy de-
vice, Philips Actiwatch (Spectrum), we find that the con-
sumer device performs similarly in the estimation of
sleep parameters. Despite lower absolute (approximately
9-fold) value of activity recorded by the Arc, sufficient

signal-to-noise ratio was present to impute sleep and
wake states. This is likely because the Cole-Kripke algo-
rithm (Cole et al. 1992) is robust and utilizes relative
movement data for the determination of sleep and wake.
Using ROC analyses to objectively determine thresholds
for the Arc device, we were also able to faithfully recap-
itulate the commonly used auto and low scoring settings
on the Actiwatch device. The device performed similarly
well in both a patient population (OSA, disrupted sleep)
and a control population.

To our knowledge, this is the first validation study
where minute by minute accelerometer data (vector
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magnitude) from a consumer wearable device was com-
pared to an actigraph in sleep monitoring. Previous
studies have compared whole night summary data from
wearables, including a recent study (Lee et al. 2017)
comparing another consumer wearable (Fitbit Charge
HR) with an actigraph (Actiwatch 2). These report good
accuracy for sleep evaluation between the two devices,
however, only sleep summary data were examined.

Besides the price difference, there are other differences
between the Arc and the Actiwatch. While present on the
Actiwatch, the Arc lacks a light sensor, a feature often use-
ful in identifying bed and wake times. The Actiwatch is
also capable of storing data at a higher average resolution
(e.g., 15 s and 30s epochs) in comparison to the Arc. On
the other hand, the Arc device is capable of recording raw
accelerometer data at 25 Hz resolution. The Arc device
also remotely uploads its data to a secure portal, eliminat-
ing the need for participants to come to the laboratory to
have data from the actigraph downloaded, which is neces-
sary with the Actiwatch. For longer duration longitudinal
studies, this could be of significant benefit.

In comparing the Arc device to the Actiwatch, we use
the latter as the “gold standard”. Future studies will need
to compare Arc to polysomnography, as this is the true,
current gold standard in determination of sleep and
wake states. The current results do, however, support
the potential use of Arc as an actigraphy device for the
purpose of sleep monitoring.

Limitations

A limitation of any consumer device, including the Arc,
is that the firmware or hardware could be changed with-
out notification, which could make comparison of data
between participants problematic. Furthermore, a degree
of technical expertise is necessary to extract and convert
the Arc data from the raw format to a more usable for-
mat, a process that is fairly seamless with the Actigraph
and its associated software.

Future directions

Recently, a position statement on consumer sleep tech-
nology was published by the American Academy of
Sleep Medicine (AASM) (Khosla et al., 2018). It supports
that consumer technology including wearables should
require rigorous testing against current gold standards
and be FDA-cleared if the device or application is
intended to render a diagnosis and/or treatment. We
agree with this AASM position statement. At the time of
this work, the Arc has not obtained FDA clearance, and
therefore, should not replace existing clinical diagnostic
procedure in the diagnosis of sleep conditions. However,
we think that this work is a step forward in examining
and validating a consumer wearable and provides sup-
porting evidence for the Arc as an inexpensive
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actigraphy tool for sleep research. Concomitant valid-
ation of the Actiwatch and of the Arc consumer-grade
device against overnight polysomnography will be an im-
portant next step to determine full equivalence.

Conclusions

The Arc, a consumer wearable device, can be used as an
actigraph for sleep monitoring and is able to produce
sleep parameters that are comparable to a research-grade
actigraph.

Abbreviations
OSA: Obstructive sleep apnea; PSG: Polysomnography; ROC: Receiver operating
characteristic; TST: Total sleep time; WASO: Wake after sleep onset
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