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Abstract

Healthy sleep is required for sufficient restoration of the human body and brain. Therefore, in the case of sleep disorders,
appropriate therapy should be applied timely, which requires a prompt diagnosis. Traditionally, a sleep diary is a part of diagnosis
and therapy monitoring for some sleep disorders, such as cognitive behaviour therapy for insomnia. To automatise sleep monitoring
and make it more comfortable for users, substituting a sleep diary with a smartwatch measurement could be considered. With the
aim of providing accurate results, a study with a total of 30 night recordings was conducted. Objective sleep measurement with a
Samsung Galaxy Watch 4 was compared with a subjective approach (sleep diary), evaluating the four relevant sleep characteristics:
time of getting asleep, wake up time, sleep efficiency (SE), and total sleep time (TST). The performed analysis has demonstrated
that the median difference between both measurement approaches was equal to 7 and 3 minutes for a time of getting asleep and
wake up time correspondingly, which allows substituting a subjective measurement with a smartwatch. The SE was determined
with a median difference between the two measurement methods of 5.22%. This result also implicates a possibility of substitution.
Some single recordings have indicated a higher variance between the two approaches. Therefore, the conclusion can be made that
a substitution provides reliable results primarily in the case of long-term monitoring. The results of the evaluation of the TST
measurement do not allow to recommend substitution of the measurement method.
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1. Introduction

Sleep is a significant part of our lives and greatly impacts our health and well-being, which was confirmed in
numerous scientific studies [1, 2]. Consequently, it is essential to keep sleep healthy, which means maintaining its
duration and quality at a sufficient level. Herewith, the restoration of a human's mental state, brain, and body can be
ensured [3].

In the case of existing problems with sleep, it is crucial to identify the reason and subsequently apply an appropriate
treatment. There are two main groups of methods for the analysis of sleep with the aim of recognising possible sleep
disorders — objective and subjective [4]. Objective measurement is based on the use of electronic devices measuring
physiological signals of the human body with the following examination [5]. A classic example of an objective
approach is polysomnography (PSG) which is accurate though time- and cost-intensive [6]. In the case of subjective
measurement, the perceived values are being measured. Typically, it is done with the help of questionnaires or sleep
diaries [7].

Both approaches have their advantages and disadvantages, but what is more critical are typically applied to detect
different sleep disorders. For instance, for the diagnosis of sleep apnoea syndrome, objective measurement (PSG or
polygraphy) is often used [8, 9]. To identify some other sleep disorders, such as insomnia, subjective measurement is
usually applied [10]. A sleep diary is one of the commonly used methods. It can also be used to monitor and adjust the
therapy, for instance, cognitive behaviour therapy for insomnia (CBT-I) [11].

Due to the necessity of manually filling out a questionnaire, subjective measurement requires daily action by a user.
This, consequently, can lead to the reduction of days when the data is being collected, as known from other research
[12]. Therefore, it could be advantageous to automatise the collection of necessary data by employing an electronic
device, keeping the accuracy of a questionnaire, as it is a standard approach with years of experience and numerous
datasets collected for diagnosing some sleep disorders like insomnia.

Several research studies have addressed the substitution of subjective measurement in sleep medicine for objective
one and vice versa [13, 14]. Some of them have used a device placed under the mattress to evaluate the measurement
results [15]. Some others have used wearables as a device to be compared [16]. Due to the fact that various devices
use different types of sensors, have different placements, and the development constantly provides new devices with
new characteristics and features, the generalisation of findings cannot provide the exact answer if some specific device
could be used for an appropriate substitution of subjective measurement in a particular area of sleep knowledge.
Furthermore, the possibility of substitution depends on the art of subjective measure, which means that the specific
questionnaire with particular questions must be determined to provide an accurate evaluation. Consequently, not
generalisation but individual assessment of devices and their field of application could facilitate precise results.
Performed scientific reviews have also pointed out that further research is still necessary to provide reliable and
accurate results [17].

This research aims to perform an initial evaluation of the possibility of substituting a sleep diary by means of
smartwatch measurement on the example of the Samsung Galaxy Watch 4.

2. Methods

According to the defined research aim, the investigation on the selection of appropriate methods was performed
with the following implementation of them. This section presents a detailed description of the elements relevant to the
evaluation procedure. For better readability, the chapter “Methods” is split into several subsections in accordance with
the aspect addressed.

2.1. Sleep diary

One of the commonly used methods for subjective sleep evaluation is the application of a sleep diary [18]. Several
versions exist, including the adapted German version recommended by the German Sleep Society [19]. Divers
questions are being asked to be completed in the evenings and mornings. Some examples of them are according to
[18]:
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What time did you get into bed?

What time did you try to go to sleep?

How long did it take you to fall asleep?

How many times did you wake up, not counting your final awakening?

In total, how long did these awakenings last?

What time was your final awakening?

What time did you get out of bed for the day?

How would you rate the quality of your sleep (very poor/poor/fair/good/very good)?

Evaluating the answers, several additional sleep relevant parameters can be determined, such as total sleep time
(TST), total time in bed (TIB), and sleep efficiency (SE). Results of sleep diary completion conjoined with the derived
parameters are of high relevance in diagnosing and observing sleep disorders, for instance, in the case of insomnia
[20].

2.2. Smartwatch

Various devices may be applied for the measurement of sleep parameters. To ensure its comfortable use, the device
should disturb a user during sleep as less as possible. To achieve this, several approaches may be applied. A device
placed under a mattress may be one of the options [15, 21]. Another commonly used approach is the use of devices
that can be comfortably placed on the human body — wearables [22]. There are several kinds of wearable devices, one
of them is a smartwatch [23]. For the performed study Samsung Galaxy Watch 4! was selected.

The choice is based on several reasons. Anterior models of the Samsung Watch were evaluated to measure
physiological parameters with acceptable results [24], including the sleep monitoring application [25]. Therefore, it
can be assumed that the newest available version of the smartwatch would provide similar or better results due to
using the latest sensors and software system. Furthermore, the relevant sleep parameters such as times of getting
asleep/waking up, sleep efficiency, and sleep profile can be measured with this device. The measurement results can
be read off directly from the corresponding mobile app or downloaded as a part of the stored private data using the
menu option in the mobile application. The adjustment can be made using the mobile app, and no additional action is
required before going to bed. The watch can be worn on a wrist during the day and night and has about 30-40 hours
of battery life.

2.3. Sleep characteristics

Several parameters are typically analysed as a part of subjective sleep measurement. They are either extracted
directly from a questionnaire/sleep diary or calculated using this data, as described in Section “Sleep diary”. For the
evaluation of the possibility of substitution of sleep diary by objective measurement, several relevant parameters were
selected:

Time of getting asleep
Wake up time

Total sleep time (TST)
Sleep efficiency (SE)

These parameters are either directly measured by the used smartwatch or can be calculated from the available
measurement values. Thus, the set of sleep characteristics used for the initial evaluation was determined.

! https://www.samsung.com/
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According to [26], there are several opinions regarding the calculation of SE, and to exclude possible
misunderstanding by reading this article, we provide the used formula for its determinations. SE for subjective
measurement was calculated using the following formula (1):

SE = TST

- (Wake up Time —Time trying go to Sleep )

«100% (1)

For the initial evaluation of the possibility of substituting subjective measurement with an objective one, the
differences between these two kinds of measurement for every sleep characteristic of interest are to be calculated and
analysed.

2.4. Experiment design

A research team defined the design of the experiment performed for the evaluation, which was then followed by
study participants. On the first day, the experiment process was introduced to test persons, and smartwatches, as well
as sleep diaries, were presented and explained. All participants' questions were addressed, and the devices were tried
to be used.

Test persons were asked to wear smartwatches during the day and night or at least put them on 20 minutes before
going to bed. They were not allowed to take them off earlier than 20 minutes after getting out of bed. Smartwatches
had to be charged whenever a battery level was lower than 35% to ensure their functioning during the entire night. In
case of any problems with the device, test persons were to contact the study organisers and stop using it up to the
clarification.

Every evening, directly after going to bed, participants were asked to fill out the evening part of a sleep diary.
Immediately after getting out of bed in the morning, they were required to fill out another part of a sleep diary with
further questions.

3. Results

The experiment was performed for the projected evaluation according to the defined design. To facilitate reliable
results, the total number of night recordings was aimed to be equal to at least 30, and this number was achieved during
the experiment.

The age group of participants was defined as 30-40 years old to avoid possible age-specific deviations. Both male
and female participants were included in the study course to obtain more generalised and not gender-specific outcomes.
No significant disorders were known to be diagnosed by test subjects.

As proposed in the “Sleep characteristics” section, the absolute differences between the objective and subjective
measurements for every night were calculated. After that, the estimation of relevant statistical parameters was
performed with the following graphical representation for better comprehensibility of the results. For that, a box plot
was selected to represent significant values of measurement distribution.

Three of the four sleep characteristics (asleep time, wakeup time, and TST) determined to be analysed as a part of
the experiment can be presented in minutes as the unit of measurement. Therefore, we visualise them combined in
Figure 1 to facilitate good comparability. A box plot for every selected sleep characteristic can be seen in this figure,
representing relevant statistical measurements, including lower and upper quartiles, median and mean values, and
outliers.
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Fig. 1. Absolute differences between objective and subjective measurement for three relevant sleep
characteristics for 30 test subjects.

The difference in SE between subjective measurement with a sleep diary and objective measurement with a
smartwatch is presented in Figure 2. One can see that both mean and median values of differences are situated between
5% and 6%.
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Fig. 2. Absolute differences between objective and subjective measurement of
sleep efficiency (SE) for 30 test subjects.

To summarise the main findings in validating the possibility of substituting a sleep diary with a measurement
employing the Samsung Galaxy Watch 4, the relevant statistical values for all four sleep characteristics are presented
in Table 1.
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Table 1. Statistical analysis of the differences between the objective and the subjective measurement.

Sleep characteristic Mean Median Standard deviation
Getting asleep time (minutes) 11 7 10

Waking up time (minutes) 08 3 10

Total sleep time (minutes) 25 22 21

Sleep efficiency (%) 5.99% 5.30% 3.50%

By analysing the results presented in Figure 1 and Table 1, one can see that the difference between objective and
subjective measurement approaches in determining “Time of getting asleep” and “Wake up time” is relatively low.
Therefore, the substitution of one measurement method with another may be considered. Nevertheless, some outliers
are possible. This issue should be considered if only a low number of nights is being analysed, which increases the
effect of single outliers on a general pattern.

In the case of TST, the difference between the two measurement approaches is higher, and the number of outliers
also increases. This can be partially explained by the fact that the objective measurement identifies more “Awake”
periods during the bight and assigns them a longer duration than the subjective approach. Furthermore, the errors of
measurement of parameters “Time of getting asleep” and “Wake up time” can be added up by determination of TST.
Summing up the above points, the TST measurement is not eligible for substituting subjective measurement through
objective if a high level of precision is required.

Interpreting the statistical values corresponding to SE measurement and demonstrated in Figure 2 and Table 1, a
good level of agreement between the two measurement methods can be recognised. This leads us to the implication of
the possibility of substitution of the subjective measurement approach for the objective one.

4. Conclusions

Considering the fact that an automatic measurement of sleep characteristics would increase the comfort for users
and avoid possible missing data, as no daily action would be required, the evaluation of the possibility of substitution
of sleep diary by an electronic device appears to be meaningful. As different devices can use different kinds of sensors
and software systems, so a specific device should be undergone evaluation to provide an accurate conclusion regarding
the possibility of the mentioned substitution.

In this work, Samsung Galaxy Watch 4 was considered, being one of the modern smartwatches with up-to-date
hardware and software components. Following inferences always refer to this specific smartwatch and cannot be
directly generalised. To summarise the obtained results, the following statements can be presented as the main
findings:

e The time of getting asleep can be determined using a smartwatch with a high level of accuracy, having the
subjective measurement as a reference. This implicates the possibility of substitution of sleep diary measurement
by the use of a smartwatch in case of analysing this sleep characteristic.

e The waking up time measurement performed using an electronic device strongly correlates with the subjective
measurement. For this reason, it can be concluded that the substitution of these two measurement approaches can
be reasonable for this parameter.

e Evaluating the TST as one of the significant sleep characteristics has led us to conclude that substituting the
subjective measurement with the objective one and vice versa is not reliable if a high level of precision is required.
The reason is a high variance in the distribution of differences between the two mentioned measurement approaches
being observed during the performed study.

e Another analysed parameter — SE, appears to be eligible for substituting a sleep diary as a measurement tool by a
Samsung Galaxy Watch as the difference between them in the calculated value is, on average, lower than 6%.
However, in particular cases, the difference may reach up to 14%, and therefore the substitution may be imprecise,
evaluating only a single a minor number of nights.
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The results of the performed initial evaluation demonstrate that the substitution of a sleep diary measurement by a
Samsung Galaxy Watch 4 may be performed for several relevant sleep characteristics. This can increase comfort and
decrease the required users' time. Furthermore, due to the automation of the process, the amount of missing data may
be reduced, especially in the case of long-term monitoring.

There are several limitations of the performed study to be mentioned:

e One specific device was evaluated to obtain accurate data that can be reproduced by the same kind of device. A
generalisation of results to all smartwatches is not possible due to the diverse hardware and software components
used in different wearables.

e For the evaluation, the experiment with 30 nights was performed. Following the traditional assumption, this number
of recordings can provide statistically relevant outcomes. However, with the increasing sample size, the
transferability of the results to the entire population would be more exact.

e The age of the participants was limited to the range between 30 and 40 years old to obtain statistically significant
results for this age group. The obtained outcomes are limited to this subject group, and it cannot be stated that the
findings can be transferred to other age groups.

e The performed evaluation was aimed to analyse four sleep characteristics. The obtained within the performed
research results cannot be extrapolated to others and are limited to the evaluated ones due to the particularities of
measurement of different parameters and variable accuracy depending on the characteristic. As a matter of course,
several more parameters can be measured both objectively and subjectively.

According to the results, no general recommendation for substituting sleep diary measurement with an objective
approach can be currently expressed.

To overcome the listed study limitations and obtain more comprehensive results, several directions of future work
were defined:

o Further studies with the increased size of participants are being planned. Furthermore, other age groups are to be
included in the experiment.

e The set of sleep characteristics for the evaluation is projected to be enlarged. Among others, total time in bed, time
of getting into bed, and sleep quality should be included in future studies to facilitate comprehensive research
outcomes.

It is planned to perform a study with additional wearable devices (including smartwatches from other
manufacturers) to compare the measurement results. Furthermore, the aim is to determine if there are significant
differences in the findings or if there are meaningful similarities, and some generalisation of outcomes and conclusions
regarding the possibility of substitution may be made.
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