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ORIGINAL ARTICLE
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Objective: The objective of this study was to determine whether the circadian rhythm of heart rate or step count using wearable devices
was related to that of the salivary cortisol levels and to test the possibility that the data from wearable devices could be used as an indicator
of circadian rhythm misalignment, which is emerging as a cause of insomnia and mood disorders. Methods: The heart rate and step count
were continuously measured in 12 healthy young adults using wearable wrist devices for 5 days, and saliva was sampled every 4 hours, excluding sleeping time, for a total of 48 hours to measure the circadian rhythm of salivary cortisol concentration. Cortisol concentrations
were assessed using the enzyme-linked immunosorbent assay. The cosinor analysis for the three measurements, salivary cortisol concentrations, heart rate, and step count, was used to estimate the circadian rhythm. Results: The mean values of the acrophase of the cosine-fitted
curve of cortisol, heart rate, and step count were 9.06, 15.84, and 19.09, respectively, while those of the amplitude were 7.70, 12.60, and
10.68, respectively. In addition, the mean values of the mesor of the cosine-fitted curve for cortisol, heart rate, and step count were 17.19,
73.55, and 45.45, respectively, and those of robustness were 0.82, 0.56, and 0.18, respectively. There was a possible positive correlation between the acrophase of the cosine-fitted curve of salivary cortisol and that of heart rate (r=0.55, p=0.064). However, there was no correlation between the acrophase of the cosine-fitted curve of salivary cortisol and that of step count (r=-0.2, p=0.533). Conclusion: The findings
suggest that the heart rate measured using the wearable activity tracker was a relatively reliable biomarker of circadian rhythm.
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INTRODUCTION
Due to living on Earth, which rotates on a 24-hour cycle, the
human behavior and physiology has a circadian rhythm, which
is a natural, internal process regulating the sleep-wake cycle and
repeating itself approximately every 24 hours. It can refer to any
biological process exhibiting an endogenous, entrainable oscillation of about 24 hours. Serum melatonin, cortisol, and core body

temperature (CBT) rhythms are considered circadian biomarkers, controlled by a common circadian clock located in the hypothalamic suprachiasmatic nuclei [1,2].
The human body circadian rhythm can be evaluated by repeatedly measuring CBT, or levels of melatonin and cortisol, throughout the day. CBT is a 24-hour rhythm that increases during the
day and decreases at night, with the minimum temperature occurring at approximately 4 AM. These rhythm variations usually
Copyright © 2020 Korean Academy of Sleep Medicine
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have amplitudes of more than 1.0°C [3]. Melatonin, the hormone
produced by the pineal gland at night, serves as a time cue to the
biological clock and promotes sleep anticipation in the brain. In
most diurnal mammals, including humans, melatonin is secreted
at night with a robust circadian rhythm and peak plasma levels occurring around 3 to 4 AM [4]. Cortisol is a steroid hormone secreted by the adrenal glands, and its endogenous secretion is normally characterized by a robust circadian oscillation, with a daily
peak in the early morning and minimal levels in the evening and
early night [5].
The common methods of measuring human circadian rhythms
are to repeatedly measure CBT, melatonin concentration, or cortisol concentration, in a day. Repetitive hormone measurements,
however, can be invasive and inconvenient and cannot be easily
performed in everyday life. Repetitive measurements of CBT are
also very cumbersome and laborious.
Therefore, the development of a simple, reliable method for circadian rhythm measurement will help evaluate circadian misalignment in clinical situations. We have considered a new approach to
estimate endogenous circadian rhythms using wearable activity
trackers, which were originally used to evaluate sleep variables,
such as total sleep time, in-bed time, and sleep efficiency [6,7].
Several programs have been developed for the activity tracker,
including those for measuring physical activity and biological
rhythms [8] and circadian activity rhythms [9]. Various modern
smart watches and wearable activity trackers feature an optical
sensor that can estimate the wearer’s heart rate. Heart rate monitoring has recently been reported to be a noninvasive and convenient method for estimating the circadian rhythm of CBT [10].
The purpose of this study was to determine whether the circadian rhythm of heart rate or step count measurements from wearable devices was related to that of the salivary cortisol concentration, and to test the possibility of using the circadian rhythm data
from wearable devices as an indicator of circadian rhythm misalignment. This misalignment is emerging as a cause of many human illnesses, including insomnia, mood disorders, obesity, and
cancers.

METHODS
Participants

A total of 16 young healthy subjects (11 males and 5 females)
were assessed from August 30, 2017 to October 10, 2017. The ages
of the participants (mean±SD) were 29±3 years. Through a structured diagnostic interview with a psychiatrist (H.-J. L) for major
psychiatric disorders, according to the DSM-IV-TR (Diagnostic
and Statistical Manual of Mental Disorders, 4th ed., Text-Revised)
criteria [11] using the Korean version of the Mini International Neuropsychiatric Interview [12], the participants were confirmed to
have no psychiatric illness. All participants underwent screening
to exclude past or present major medical disorders, such as cardiovascular disease, metabolic disease (including diabetes mellitus),
hormonal disease (including thyroid disease), and cancer. All par-

ticipants completed questionnaires regarding their sleep conditions to exclude those with irregular or disturbed sleep/wake patterns. Among the 16 participants, four were excluded from the
analysis because of their short device wear time.
All participants were informed of the purpose and procedures
of the study, and all provided informed written consent prior to
enrollment. The study protocol was approved by the Institutional
Review Board of Korea University Anam Hospital (2017AN0279)
and was conducted in accordance with the Declaration of Helsinki.

Study procedures

The Fitbit Charge 2 (Fitbit Inc., San Francisco, CA, USA) was
used in the study. The data collected by the wearable device, such
as the sleep, activity, and heart rate measurements, were automatically synchronized with a smartphone app using Bluetooth 4.0.
Before the study, the settings of the wearable devices were matched.
A Fitbit ID and password were created before the start of the study
and provided to the participants for the synchronization of the
information during the study period. We obtained raw data on
sleep, activity, and heart rate at least five days during the study with
the Fitbit application programming interface.
To analyze the circadian rhythms of cortisol, saliva was collected from the participants. Sample collection was performed at 08:00,
12:00, 16:00, 20:00, and 24:00 h for the last two consecutive days
of the experiment. The participants provided saliva samples directly into Salivettes (Sarstedt AG & Co., Nümbrecht, Germany)
at each of the specified time points in the laboratory under staff
supervision. The Salivette device was used according to the manufacturer’s instructions and stored at -80°C until the time of the
assay. Cortisol levels of samples were checked by the enzyme-linked
immunosorbent assay (ELISA) using Cortisol ELISA kits (ALPCO,
Salem, NH, USA) according to the manufacturer’s instructions.

Cosinor fitting and data analyses

Circadian outcome variables were derived from traditional parametric approaches such as cosinor model fitting [13]. Data were
fitted with cosine curves using SigmaPlot software (Systat Software Inc., San Jose, CA, USA). The following circadian variables
were extracted from the data: the mesor (the circadian rhythmadjusted mean values, which were based on the parameters of a
cosine function), the amplitude (the difference between the peak
and the mesor of a cosine function), and the acrophase (the time
point at which the circadian peak occurred). Robustness was defined as a measure of statistical reliability and consistency of the
model-fitted rhythm. The analysis of whether the cosine-fitted
curve of heart rate or that of step count was related to the cosinefitted curve of salivary cortisol concentration was examined by
the Pearson’s correlation coefficient.

RESULTS
Figures 1 and 2 show the time plots of heart rate and step count,
respectively, in 12 participants for 5 days. As shown in Figures 1
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phase, mesor, amplitude, and robustness of the cosine-fitted curves
from the salivary cortisol concentration, heart rate, and step count
from 12 participants. The mean values of the acrophase of the co-
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and 2, the circadian rhythm of heart rate was more consistent than
that of the step count in the cosine-fitted curve.
Table 1 shows the comparison of the mean values of the acro-
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Figure 1. Time plots of the heart rate collected by the wearable device every minute for 5 consecutive days from 12 subjects (A-L).
Curves in red show cosine-fitted curves from heart rate.
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Figure 2. Time plots of the step count collected by the wearable device every minute for 5 consecutive days from 12 subjects (A-L).
Curves in red show cosine-fitted curves from the step count.
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Table 1. Comparison of the mean values of acrophase, mesor, amplitude, and robustness of the cosine-fitted curves from the salivary
cortisol concentration, heart rate, and step count

Acrophase
Salivary cortisol (2 days)
9.06±1.01
Heart rate (5 days)
15.84±1.12
Step count (5 days)
19.09±3.12
Data are presented as mean±standard deviation.

Mesor
17.19±4.46
73.55±4.49
45.45±6.05

20:00

Acrophase (time)

Robustness
0.82±0.10
0.56±0.07
0.18±0.07

ied, heart rate and salivary cortisol concentration showed similar
patterns. However, step count showed a rather different pattern
compared to the other two measurements. The correlation between
the acrophase of cosine-fitted curve of heart rate and that of salivary cortisol concentration tended to be significantly correlated
(r=0.551, p=0.064). However, the acrophase of cosine-fitted curve
of step count was not correlated with that of salivary cortisol (r=
-0.2, p=0.533) (Figure 4).
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Figure 3. The comparison of the acrophases of cosine-fitted curves of
heart rate, step count, and salivary cortisol concentration in 12 subjects.

sine-fitted curve of cortisol, heart rate, and step count were 9.06,
15.84, and 19.09, respectively, while those of the amplitude were
7.70, 12.60, and 10.68, respectively. In addition, the mean values
of the mesor of the cosine-fitted curve of cortisol, heart rate, and
step count were 17.19, 73.55, and 45.45, respectively, and those of
robustness were 0.82, 0.56, and 0.18, respectively. Overall, among
the cosine-fitted rhythm of the heart rate and step count obtained
from the wearable device, the heart rate showed a more stable and
reliable value. In particular, for robustness, which indicates statistical reliability and consistency of the model-fitted rhythm, salivary cortisol concentration and heart rate both had relatively high
values of 0.56 and 0.82, respectively, but the step count had a low
value of 0.18. Therefore, data of the salivary cortisol concentration
and the heart rate were reliably cosine-curve fitted but that of
step count was not.
Figure 3 shows acrophase of cosine-fitted curves of the 3 measurements in 12 participants: salivary cortisol concentration, heart
rate, and step count. Although the time point of the acrophase var-

Evidence for the association between circadian rhythm misalignment and several illnesses, such as insomnia, mood disorders, obesity, and cancers, is accumulating. Previously, our group
reported circadian misalignment in hospitalized patients with
bipolar disorders. The circadian rhythms in 31 episodes of bipolar
disorders were evaluated at admission, at 2-week intervals during
hospitalization, and at the time of discharge. Saliva and buccal
cells were obtained at 8:00, 11:00, 15:00, 19:00, and 23:00 h time
points for two consecutive days and were used to analyze the circadian rhythm of cortisol and circadian rhythm of clock gene
expression [14,15]. The study reported that acute manic episodes
were associated with endogenous circadian rhythm acrophases
averaging 7-hour in advance (earlier) than those of controls, although these acrophases could have resulted from an average of
17-hour clockwise delays. Mixed episodes were associated with
6–7-hour phase delays, whereas depression was associated with
4–5-hour phase delays compared to the controls. The phase shifts
of these rhythms were normalized just before discharge. The study
findings provided important evidence of circadian misalignment
in mood disorders. However, measuring the salivary cortisol and
circadian gene expression for the assessment of circadian rhythm
was very complex and time-consuming and could not be used in
clinical situations. Therefore, a simple and reliable method for circadian rhythm estimation should be developed to evaluate circadian misalignment of mood disorders in daily life and clinical
settings.
In this study, the acrophase of the circadian rhythm of heart rate
assessed using a wearable device tended to correlate with that of
salivary cortisol concentration, while that of step count did not.
This result suggests that the heart rate measured by the wearable
device was a relatively more reliable biomarker for circadian rhythm
than step count.
However, this study has some limitations. First, the sample size
was too small to make conclusions; the association between cir-
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Figure 4. Scatterplots show the correlation between the acrophase of the cosine-fitted curve of heart rate and that of salivary cortisol
concentration (r=0.551, p=0.064) (A) and the correlation between the acrophase of the cosine-fitted curve of step count and that of salivary cortisol concentration (r=-0.2, p=0.533) (B).

cadian rhythms in the heart rate and those in the salivary cortisol
did not reach statistical significance. Second, although the wearable devices were worn for five days, saliva sampling for cortisol
concentration was performed for only two days. Therefore, there
may be some limitations in comparing them. Nevertheless, automatic measurement of heart rate using wearable devices would be
a relatively simple method compared to conventional measurement methods of endogenous circadian rhythm, which include
repeated measurements of more than 24 hours of CBT, melatonin
concentration, and cortisol concentration. Taking these limitations
into account, further investigation is needed, including larger sample sizes and longer duration studies, to verify the reliability of the
circadian rhythm assessment based on the heart rate measured
by the wearable device.
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