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Background: Associations between subjective sleep quality and stage-specific heart rate (HR) may have important clinical relevance
when aiming to optimize sleep and overall health. The majority of previously studies have been performed during short periods under
laboratory-based conditions. The aim of this study was to investigate the associations of subjective sleep quality with heart rate during
REM sleep (HR REMS) and non-REM sleep (HR NREMS) using a wearable device (Fitbit Versa).

Methods: This is a secondary analysis of data from the intervention group of a randomized controlled trial (RCT) performed between
December 3, 2018, and March 2, 2019, in Tokyo, Japan. The intervention group consisted of 179 Japanese office workers with
metabolic syndrome (MetS), Pre-MetS or a high risk of developing MetS. HR was collected with a wearable device and sleep quality
was assessed with a mobile application where participants answered The St. Mary’s Hospital Sleep Questionnaire. Both HR and sleep
quality was collected daily for a period of 90 days. Associations of between-individual and within-individual sleep quality with HR
REMS and HR NREMS were analyzed with multi-level model regression in 3 multivariate models.

Results: The cohort consisted of 92.6% men (n=151) with a mean age (+ standard deviation) of 44.1 (+7.5) years. A non-significant
inverse between-individual association was observed for sleep quality with HR REMS (HR REMS —0.18; 95% CI —0.61, 0.24) and
HR NREMS (HR NREMS —0.23; 95% CI —0.66, 0.21), in the final multivariable adjusted models; a statistically significant inverse
within-individual association was observed for sleep quality with HR REMS (HR REMS —0.21 95% CI —0.27, —0.15) and HR
NREMS (HR NREMS —0.21 95% CI —0.27, —0.14) after final adjustments for covariates.

Conclusion: The present study shows a statistically significant within-individual association of subjective sleep quality with HR
REMS and HR NREMS. These findings emphasize the importance of considering sleep quality on the individual level. The results
may contribute to early detection and prevention of diseases associated with sleep quality which may have important implications on
public health given the high prevalence of sleep disturbances in the population.
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Introduction

Sleep is a vital process for human life and is maintained through various complex physiological systems working
symbiotically under regulation of the circadian rhythm.' Sleep is generally divided into 2 states: rapid eye movement
sleep (REMS), and non-rapid eye movement sleep (NREMS). This distinction is established due to physiological
differences observed during these states. NREMS is further divided into 2 groups: light sleep and deep sleep, where
light sleep includes sleep stages 1 and 2, whilst deep sleep includes subsequent stages 3 and 4. During REMS,

Nature and Science of Sleep 2024:16 867-877 867
Received: 23 January 2024 © 2024 Sjéland et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creativecommons.org/licenses/by-nc/3.0/). By accessing the

Accepted: 5 June 2024
Published: 25 June 2024

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0003-1283-358X
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Sjoland et al Dove

desynchronized EEG, rapid eye movements and muscle atonia are present.” NREMS, on the contrary, shows synchro-
nized EEG waves and lacks rapid eye movements or muscle atonia. Measurement of different physiological functions are
common in sleep research, and polysomnography (PSG) has long been the golden standard for registration.” However, in
the past years, several wearable devices have been introduced as a promising method for measuring physiological
parameters during both sleep and wakefulness.*

It is well known that autonomic tone varies depending on sleep stage, and each sleep stage has a specific heart rate
(HR) pattern.” During REMS, sympathetic-nerve activity dominates, whilst during NREMS, this activity is lower than in
wakefulness. A high frequency of high-amplitude sympathetic bursts has also been observed during REMS compared to
NREMS.? In contrast, NREMS is primarily dominated by parasympathetic activity.” Two frequently used parameters for
measuring autonomic function and balance between sympathetic and parasympathetic activity are HR and heart rate
variability (HRV). Both decrease during NREMS and increase during REMS.” Additionally, there are specific differences
in HR within NREMS. During light sleep, there is a decrease in HR with an irregular slow HR; however, during deep
sleep, there is a decrease in HR without marked slow HR waves.’

Dysregulated sleeping patterns with sleep loss and reduced sleep quality have multifactorial causes. Several primary
sleep disorders such as insomnia, sleep-disordered breathing and restless legs syndrome, as well as other medical
conditions, affect sleep negatively.' However, lifestyle and environmental factors such as room temperature, work-
related stress, and shift work may also decrease sleep quality. It has been shown how current work patterns and electronic
device-use affect sleeping quality and quantity.'' Long-term sleep loss has been associated with risk of cardiovascular
diseases such as hypertension and myocardial infarction.'*'* Additionally, studies have shown how dysregulated

1617 and all-cause

sleeping patterns increase long-term risk of metabolic disorders,'> certain types of cancer,
mortality.'® As sleep loss is often associated with a decrease in sleep quality, subjective sleep quality may have
a potential impact on autonomic functions and thus an increased risk of long-term morbidity and mortality.

Studies on subjective sleep quality and its association with HR during specific sleep stages are few and mainly
observe HRV as a measurement of autonomic tone. One study presented an association between REMS deprivation
(REMSD) and an increase in HR during all sleep stages. The increase in HR was most prominent in REMS compared to
NREMS." An additional study suggested REMS as a predictive readout of sleep quality.” Specific REMSD is also
common in many disorders and can probably be assumed to correspond with low sleep quality. The fundamentals of
sleep stage order in sleep cycles present limitations for studying NREMS deprivation specifically.”

This secondary analysis is, to our knowledge, the first study to specifically investigate associations between subjective
sleep quality and average heart rate during specific REMS and NREMS.

The main objective of the present study is to investigate the within-individual and between-individual associations of
subjective sleep quality with average HR during REMS and NREMS. HR data was collected with a wearable device in
a previously conducted RCT.

We hypothesize that a higher subjective sleep quality will be associated with a lower HR during both REMS and
NREMS. Additionally, we hypothesize that a potential increase in HR during REMS may be more significant than an
increase in HR during NREMS, as has been observed when studying REMSD specifically.'

Material and Methods

Study Design

The present study is a secondary analysis of data from the interventional group of a randomized controlled trial (RCT)
studying full-time office workers in Japan. The main objective of the RCT was to investigate if participants with
metabolic syndrome (MetS), Pre-MetS or a high risk of developing MetS could improve their metabolic status. A total of
272 participants were recruited and randomized into two groups (2:1, intervention: control). Daily physiological data,
including HR, was collected from the intervention group with a wearable device, provided at the beginning of the study.
The intervention group also answered daily questionnaires through a mobile application. Daily data was not collected
from the control group. Both groups filled out an extensive questionnaire at the beginning and at the end of the study. The
study was performed for 90 days between December 3, 2018, and March 2, 2019.
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Study Participants

Study participants were full-time office-workers recruited from 5 companies in the metropolitan area of Tokyo, Japan. All
participants were full-time managerial, professional, or clerical workers from companies with over 1000 employees.
Office workers were considered eligible if they had completed the Japanese Annual Health Check-up (AHC) and, based
on these measures, were categorized as having or at risk of developing MetS. A total of 272 participants were recruited
from 7437 eligible office workers. Two participants later declined participation. After randomization, the intervention
group consisted of 179 participants and the control group of 91 participants. One participant in the intervention group did
not complete the final questionnaire and was therefore excluded from the present study. Further, participants and
observations were excluded due to missing values on main exposure sleep quality (n=0; 0=3545), sleep staging (n=0;
observations=2179), and the main outcomes; HR REMS (n=0; observations=15), and HR NREMS (n=3; 0=123).
Information on sleep stages is a prerequisite to obtain the outcome measures. Additionally, observations, participants,
or both were excluded due to missing values in the covariates MetS (n=10; observations=543), average daily alcohol
consumption (n=2; observations=9), and active minutes (n=0; observations = 6). Missing data were likely the result of
incorrect use of the wearable device or daily questionnaires left unresponded. After final exclusion, 163 eligible
participants with 9600 observations were included in the analysis. The majority of excluded data was due to incomplete
daily sleep questionnaires (0=3545) and missing sleep staging (0=2179) (Figure 1).

All participants provided written consent upon inclusion in the study. Information about the study, its purpose and
ethical considerations were given in both written and oral form. The ability to discontinue the study at any time and
without any penalty was clearly stated in the information and well understood by all participants before initiation of the
study. All participants provided written informed consent. The original RCT was approved by The Ethics Committee of
the School of Engineering, the University of Tokyo (approval number: KE18-44).

Data Collection

Wearable Devices

Daily heart rate, step count, physical activity and sleep staging was continuously collected from the intervention group
with wearable device Fitbit Versa Classic (Fitbit Inc. San Francisco, CA, USA), details at https://help.fitbit.com/manuals/
manual versa en US.pdf (accessed on December 1, 2023). Participants were instructed to wear the device at all hours

during the study period of 90 days, except if they were bathing or when it was charging. Data was transferred to a mobile

Eligible Participants
(n =179;0bs.=16,110) Excluded:
l - Incomplete last questionnaire (n=1;0bs.= 90)
Participants
(n =178;0b5.=16,020) Excluded: _
Missing data on main exposure
l - Sleep Quality Questionnaire (n=0;0bs.=3545)
Participants
(n=178;0bs.=12,475) Excluded:
I Missing data on main outcome
by - Sleep Staging (n=0;0bs.=2179)
o - HR REMS (n=0;0bs.=15)
Participants - HR NREMS (n=3;0bs.=123)
(n=175;0bs.=10,158)
T Excluded:
) Missing data on covariates
- MetS category (n=10;0bs.=543)
Participants - Daily alcohol consumption (n=2;0bs.=9 )
(n=163;0bs.=9,600) - Active minutes (n=0;0bs.=6)

Figure | Flowchart illustrating the inclusion and exclusion of participants (n) and observations (obs.) in the present study. Daily observations within individuals were
excluded due to missing data from either St. Mary’s Hospital Sleep Questionnaire, Sleep staging, HR REMS, HR NREMS, MetS, alcohol consumption or active minutes from
one specific day.

Abbreviations: HR REMS, mean heart rate during REM sleep; HR NREMS, mean heart rate during non-REM sleep; MetS, Metabolic syndrome.
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application via Bluetooth. Inaccurate sleep stage registration commonly occurs when there is an error or difficulty
measuring the heart rate, such as when the device sits to loosely on the wrist. In these cases, the device collects
information in classic mode, which divides sleep into two groups: asleep and awake.

Upon completion of the final questionnaire, participants from both study groups were gifted the wearable device.

Questionnaires

All participants filled out extensive questionnaires at the beginning and at the end of the study. These questionnaires
assessed demographics, socioeconomical status, medical and family history, lifestyle, including alcohol and caffeine
consumption, smoking, exercise, psychological stress, sleep, and working conditions. Further, each participant of the
intervention group received daily questionnaires assessing corresponding topics through a mobile application during
each day of the study. Daily questionnaires were filled out twice a day, in the morning and in the afternoon.

Annual Health Check-Up

All full-time workers in Japan are offered an AHC, as part of a primary prevention program initiated by the Japanese
government. The check-up includes measurements of height, weight and waist circumference, blood tests for anemia,
lipids, glucose and liver disease, measurement of blood pressure, chest X-ray, ECG, urine sampling and hearing tests.?’

Data for this study was collected from each participant’s most recent AHC.

Main Exposure - Sleep Quality

Sleep quality was determined using 4 daily questions (A-D) derived from “St. Mary’s Hospital Sleep Questionnaire:*'
(A) “How was your depth of sleep last night?” (“1 = Very light”, “2 = Light”, 3 = Fairly light”, “4 = Light average”, “5
= Deep average”, “6 = Fairly deep”, “7= Deep”, “8 = Very deep”). (B) “How well did you sleep yesterday?” (“1 = Very
badly”, “2 = Badly”, “3 = Fairly badly”, “4 = Fairly well”, “5 = Well”, “6 = Very well”). (C) “How clear was your head
after getting up this morning?” (“1 = Still very drowsy indeed”, “2 = Still moderately drowsy”, “3 =Still slightly
drowsy”, “4 = Fairly clear-headed”, “5 = Alert”, “6 = Very alert”). (D) “How satisfied were you with last night’s sleep?”
(“1 = Very unsatisfied”, “2 = Moderately unsatisfied”, “3 = Slightly unsatisfied”, “4 = Fairly satisfied”, “5 = Completely
satisfied”). An aggregate sleep quality score (4-25 points) was constructed for the 4 questions. A higher score indicated
a higher level of sleep quality during the preceding night. A cluster mean sleep quality score (CMSQ) was created for
each participant based on all available observations, where each individual was treated as a separate cluster. Further,
a variable representing the deviation from the cluster mean sleep quality score (DCMSQ) was calculated as [individual
daily sleep quality score - individual cluster mean]. CMSQ and DCMSQ allow for the study of between-individual
variability and within-individual variability, respectively, in the investigation of the association for sleep quality and HR
REMS and HR NREMS.

Main Outcome — HR REMS and HR NREMS

This study had 2 main outcomes: HR REMS and HR NREMS. Data was collected from each specific sleep stage with the
wearable device through measurements of stage-specific heart rate patterns. The device provides information about
specific sleep stages (wake, light sleep, deep sleep, and REM sleep). The timing of each sleep stage was merged with
Fitbit intraday minute-by-minute HR data. For each sleep period, an average HR was calculated for NREM (light and
deep sleep) and REM sleep, respectively. Consequently, all sleep data collected with classic mode was excluded due to
lack of stage-specific information.

Covariates

Covariates were chosen based on previously known or assumed association with the main exposure or outcome.
Information about age (continuous in years), sex, smoking, caffeine intake, stress levels and work overtime was collected
from the start questionnaire. Four groups were constructed for smoking data: non-smoker, past smoker, current smoker <
20 cigarettes per day, and current smoker > 20 cigarettes per day. Similarly, caffeine intake was categorized into 3 groups
based on the number of caffeinated drinks per day: 0, 1-2, or > 3. Stress levels were assessed with Perceived Stress Scale

870 hetps: Nature and Science of Sleep 2024:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Sjoland et al

4 (PSS-4)*2 consisting of 4 questions: (1)“In the past month, how often have you felt that you were unable to control the
important things in your life?”, (2)“In the last month, how often have you felt confident about your ability to handle your
personal problems?”, (3)“In the past month, how often have you felt that things were going your way?”, (4)“In the past
month, how often have you felt difficulties were piling up so high that you could not overcome them?”. Answers were
provided on a Likert scale: “Never”, “Almost never”, “Sometimes”, “Fairly often”, and “Very often”. Questions 2 and 3
were reverse scored, where a higher score indicated a lower stress level. Data of monthly work overtime was categorized
into 2 groups based on the Japanese legal regulations of maximum work overtime: > 45 hours a month, < 45 hours
a month. Individuals were categorized by metabolic status (no MetS, pre-MetS and MetS) based on measurements from
the AHC, in accordance with the Japanese definitions of MetS.>* Information on alcohol consumption was collected from
daily questionnaires. Based on number of glasses per day of specific alcoholic beverages, beer (5%), sake (5%), shochu
(25%), chu-high (7%), cocktail (5%), wine (12%), whiskey (40%), and plum wine (15%), an average alcohol intake (g/
day) was calculated with participants categorized into three groups, 0 g/day, < 20 g/day, and > 20 g/day. Daily physical
activity was collected in minutes by the wearable device and classified into two intensity categories based on metabolic
equivalents (METs): Fairly active minutes (3—6 METs) and Very active minutes (> 6 METs).?* The Exercise and Physical
Activity Reference for Health Promotion (EPAR) issued 2013 by The Ministry of Health, Labour, and Welfare of Japan
(MHLW) states a daily minimum of 60 minutes of moderate-to-vigorous intensity physical activity (MVPA) (23
metabolic equivalents h/week) for people aged 18-64.%> Fairly active minutes and very active minutes were combined
to create the category active minutes, which comprises the definition of MHLW (>3 METs).>* A binary variable was
created based on the cutoff of EPAR recommendation; > 1 h active minutes/day and < 1 h active minutes/day. Total sleep
time for each night was collected in minutes, and later converted into hours as a continuous variable.

Statistical Analyses

Baseline and sample characteristics of the cohort are presented with descriptive statistics. A mixed multi-level model
regression was performed as the main analysis to investigate the association of subjective sleep quality with HR REMS
and HR NREMS. Associations were investigated on between-individual (CMSQ) and within-individual (DCMSQ) level.
The analyses were performed by using 3 models. Model 1 was adjusted for age and sex. Model 2 was additionally
adjusted for weekday/weekend or holiday, stress-levels, MetS, work overtime. Model 3 was additionally adjusted for
smoking, caffeine intake, mean alcohol intake, active minutes, and total sleep time. The analyses were performed
separately for HR REMS and HR NREMS, using identical models and covariates. P-values <0.05 were considered as
statistically significant. Statistical analyses were performed using Stata/MP Statistical Software Version 18 (StataCorp
LLC (College Station, TX, USA)).

Results

Baseline and Sample Characteristics

Baseline and sample characteristics of the cohort are presented in Table 1. The participant group consisted of
92.6% men (n=151) and had a mean (+ standard deviation (SD)) age of 44.1 (£7.5) years. The majority of
participants were categorized as Pre-Mets (36.8%) and non-smokers (45.5%). Most participants reported
a consumption of 1-2 cups of caffeinated drinks per day (61.4%), followed in size by the group who reported
a consumption of > 3 cups/day (36.1%). The mean PSS-4 score for the study population at baseline was 9.9 (SD +
2.5) on a 20-point scale. Most participants reported a work overtime amount of < 45 hours/month (58.9%). When
observing sample characteristics, the largest mean alcohol consumption was in the category > 20 g alcohol/day
(53.4%), followed in size by the category < 20 g/day (41.7%). The majority of observations of active minutes
(obs.=5500, 57.3%) were in accordance with EPAR recommendations of MVPA. The mean total sleep time was
5.6 (£1.3) hours.
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Table | Baseline and Sample Characteristics

Characteristics

n=163

Men, n (%)
Age [(years (mean * SD)]
Weekday obs (%)

151 (92.6%)
44.1 £75
2970 (30.9%)

Lifestyle factors

Non-smoker

Past smoker

Current smoker

(<20 cigarettes/day)

Current smoker

(220 cigarettes/day)
Caffeine intake n (%)

0 cups/day

1-2 cups/day

2 3 cups/day

2 45 hours/month

Metabolic syndrome status n (%)
MetS
Pre-MetS
No MetS
Smoking status n (%)

Self-assessed stress with PSS-4 (20-point scale) [mean + SD]
Work overtime past month n (%)
< 45 hours/month

51 (31.3%)
60 (36.8%)
52 (31.9%)

74 (45.4%)
49 (30.1%)

21 (12.9%)
19 (11.7%)
4 (2.5%)
100 (61.4%)
59 (36.2%)

9.9 +25

96 (58.9%)
67 (41.1%)

Daily sample characteristics

Mean alcohol consumption, (%)
0 g/day
< 20 g/day
2 20 g/day
Total active minutes/day obs (%)
< | hour/day
2 | hour/day

Total sleep time, hours [mean * SD]

4.9%
41.7%
53.4%

4100 (42.7%)
5500 (57.3%)
56+ 13

Abbreviations: SD, Standard deviation; obs, observations; MetS, metabolic syndrome.

Main Analyses

Associations of between-individual sleep quality (CMSQ) and within-individual sleep quality (DCMSQ) with HR REMS
are presented in Table 2a. In Model 1, CMSQ showed an inverse association with HR REMS without statistical
significance (—0.19; 95% CI —0.61, 0.24). Results remained insignificant after further inclusion of covariates in Model

Table 2a The Association of Between-Individual (CMSQ) and Within-Individual
(DCMSQ) Sleep Quality with HR REMS

Mean HR REMS

Model 1?

Model 2°

Model 3¢

Explanatory variable
Sleep Quality
CMSQ
DCMSQ

Intercept

B (95% Cl)

~0.19 (-0.61, 0.24)
-0.27* (-0.33,-0.21)
68.93

B (95% Cl)

~0.20 (~0.64,0.24)
-0,29* (-0.35,-0.23)
70.37

B (95% Cl)

~0.18 (-0.61,0.24)
-0.21* (-0.27,-0.15)
66.54
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Table 2b The Association of Between-Individual (CMSQ) and Within-Individual (DCMSQ) Sleep
Quality with HR NREMS

Mean HR NREMS Model I* Model 2° Model 3¢
Explanatory variable £ (95% Cl) L (95% Cl) LB (95% Cl)

Sleep Quality

CMSQ —0.19 (—0.63,0.25) —0.21 (-0.66,0.24) —0.23 (-0.66,0.21)

DCMSQ —0.24* (—0.30,-0.17) | —0.25%* (-0.32,-0.19) | —0.21* (—0.27,-0.14)
Intercept 67.42 69.54 64.18

Notes: *p < 0.05 *Model | was adjusted for sex and age. ®"Model 2 was additionally adjusted for weekday/weekend or holiday, self-
assessed stress levels, metabolic syndrome status and work overtime. “Model 3 was additionally adjusted for smoking, caffeine
intake, mean alcohol intake, active minutes, and total sleep time. Bold values signify statistically significant results.
Abbreviations: HR REMS, mean heart rate REM-sleep; HR NREMS, mean heart rate non-REM sleep; Cl, Confidence interval;
CMSQ, Cluster Mean Sleep Quality; DCMSQ, Deviation from Cluster Mean Sleep Quality.

2 (—0.20; 95% CI —0.64, 0.24) and Model 3 (-0.18; 95% CI —0.61, 0.24). DCMSQ showed a statistically significant
inverse association with HR REMS (—0.27; 95% CI —0.33, —0.21) in Model 1. The effect size was marginally increased
after adjusting for covariates in Model 2 (—0.29; 95% CI —0.35, —0.23) and, although remaining statistically significant,
was noticeably attenuated after adjustments in Model 3 (=0.21; 95% CI —0.27, —0.15).

Corresponding results for HR NREMS are presented in Table 2b. In Model 1, CMSQ, had an inverse association
with HR NREMS without statistical significance (—0.19; 95% CI —0.63, 0.25). Results remained insignificant after
further inclusion of covariates in Model 2 (-0.21; 95% CI —0.66, 0.24) and Model 3 (—0.23; 95% CI —0.66, 0.21).
DCMSQ showed a statistically significant inverse association with HR NREMS (-0.24; 95% CI —-0.30, —0.17) in
Model 1. The effect size was marginally increased after adjusting for covariates in Model 2 (—0.25; 95% CI —0.32,
—0.19) and, although remaining statistically significant, was moderately attenuated after further adjustments in Model 3
(-0.21; 95% CI —0.27, —0.14).

Discussion

The main objective of the present study was to investigate between-individual (CMSQ) and within-individual (DCMSQ)
associations of subjective sleep quality with average heart rate during REM sleep (HR REMS) and average heart rate
during non-REM sleep (HR NREMS). While an inverse association could be observed, no statistical significance was
attained between individuals. Conversely, a statistically significant inverse association was observed within individuals.
This partly confirms our main hypothesis that an increase in sleep quality would be associated with a decrease in HR in
both sleep states. We further hypothesized that larger changes in HR would be observed in REMS than in NREMS.
However, the results did not support this hypothesis and showed nearly identical effect sizes (beta coefficient: —0.21) in
the final multivariable models of HR REMS and HR NREMS. When observing the individual effect of specific
covariates, adjustments for total sleep time in the final multivariable model noticeably attenuated effect size.
Nevertheless, results indicate a relationship between an individual’s variation in sleep quality and corresponding changes
in heart rate that are independent of the corresponding night’s total sleep time.

The results may be explained by several factors. Individual physiology and autonomic responses may vary between
individuals due to genetics, general health status, and lifestyle factors. This may possibly account for variations in the
amplitude of autonomic responses between individuals after being exposed to similar sleep circumstances. Subjective
sleep quality is additionally a challenging variable to measure.”® The self-assessed subjective sleep quality may surely
allow for discrepancy in individuals’ experience of identical sleeping conditions. Some participants may additionally
have a long-term decreased sleep quality at baseline which they have developed a tolerance against over time. These
factors, combined with a small study cohort, may account for the results reaching significance within individuals, but not
between individuals.

Previous studies observing subjective sleep quality and its association with HR during sleep are limited and show
ambiguous results. The variation in results may be due to a tangible difference in study design, as only one relevant
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study®’ was found where data collection was performed with a similar wearable device. The majority of previous studies
have used PSG**! for physiological data collection, reflecting how wearable devices are currently still in an intro-
ductory phase. Additionally, several studies have not assessed subjective sleep quality specifically, but instead use
variables, which may correspond to a decreased sleep quality. For example, the study by Faust et al investigated
associations between variance in bedtime habits and changes in heart rate in a group of college students for up to 4
years using Fitbit Charge.?” Results indicated a significant increase in heart rate after deviations from normal bedtime
habits. Although this study’s main exposure differs from ours, results may be comparable as additional studies have
observed an association between variability in bedtime habits with decreased sleep quality.*?

In one comparative study, HR was monitored during specific sleep stages (1-4 and REM), in 47 university students
divided into either good or poor sleepers. Results showed a relative increase in HR during all stages except for stage 1 in
the group of poor sleepers.”® Another similar study found no statistically significant differences in HR between good and
poor sleepers, in a participant group consisting of mainly workers with a mean age of 37.5 years.”® These two studies
differ from our model as they only observed sleep quality as a baseline measure and collected HR data for a maximum of
two nights. Another study stated the inability to predict subjective sleep quality when comparing HR patterns during
sleep and subjective sleep quality the following day, when studying community-dwelling older men.?® This study differs
from ours with regards to participant characteristics and study period as HR was measured during one night, whilst our
study provides up to 90 observations of both HR and subjective sleep quality for each individual. An additional study on
subjectively reported insomniacs, with no additional medical history, provided no significant associations when compar-
ing with controls®® whilst one study in contrast, observed a significant increase in HR in a group of insomniacs.! It may,
however, be challenging to compare insomnia with decreased sleep quality as it is a diagnosis that includes a severe and
complex type of reduced sleep quality.

Unlike the present study, several previous studies have mainly focused on nighttime or daytime HRV as a measure of
autonomic tone related to sleep quality or dysregulated sleep patterns.**>® Albeit not directly corresponding to our study
design, the results primarily support an association between decreased sleep quality and sympathetic overactivity.

The insignificant results observed when comparing participants’ means imply that changes in HR may not follow the
same pattern between individuals within a population. However, on the individual level, our results reflect how an
individual’s daily deviations from their own mean sleep quality are associated with their average heart rate during sleep.
These findings have important clinical relevance as a short-term decrease in sleep quality may be a risk of increased HR.
While a slight increase in HR after a short-term decrease in sleep quality may not be clinically significant, it may be
harmful if remained persistent over years. Indeed, resting HR has been suggested as an essential indicator of cardiovas-
cular risk.***' This emphasizes the relevance of early personalized interventions when detecting unhealthy sleeping
patterns within an individual. When interpreting the results, a few limitations should be taken into consideration. Due to
a rather small sample size, there may be a loss of statistical power, possibly restricting the ability to reach statistical
significance between individuals. We therefore suggest that future studies aiming to investigate this specific association
should include a larger number of individuals. Further, there may limited generalizability, as this occupational cohort
consists of 92.6% Japanese office-working men with similar socioeconomic status and education. One can assume that
workload as well as working hours may differ depending on nationality, which may in turn affect individual sleeping
patterns. Additionally, there may be a participation bias, as there is a possibility that office workers who chose to
participate were more health conscious compared to those who declined participation. The risk of an overrepresentation
of orthosomnic participants, who meticulously control and optimize their sleeping patterns, was minimized by the
randomization in the study design. There is a possibility that participants became more aware of their sleeping patterns
during the study period. However, this would not influence a metric such as HR obtained during sleep which is the result
of autonomic nervous system activity and therefore cannot be voluntarily controlled.

Nonetheless, the present study provides many strengths in the aspect of study design. Although studying a small
sample, daily repeated measures collected with a wearable device provided a large amount of data for analysis. Further,
this large number of repeated daily measures allow for analysis where each specific night’s HR was compared with the
corresponding subjective sleep quality experienced the following day. The repeated measures additionally allowed for
a within-individual analysis, which is not possible when collecting data from one single occasion. The study period is
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long when compared to previous studies on sleep quality and HR. This difference in the length of assessment is probably
due in part to many previous studies using PSG for measurements of sleep physiology, which provides higher accuracy,
but is a less flexible and more expensive method for collecting data. In contrast, data collection with wearable devices is
under naturalistic conditions, where the participants are observed at home under normal sleep circumstances.

Conclusion

The present study was conducted with wearable devices, which is an innovative and accessible method for future data
collection. It contributes to a limited body of evidence on the association between subjective sleep quality and average
HR during REMS and NREMS. Our main findings present a within-individual association between subjective sleep
quality and average heart rate during REMS and NREMS. Our results may contribute to the development of methods for
early detection of unhealthy sleeping patterns and the implementation of precision health procedures for optimizing sleep
and overall health. However, more studies with a similar monitoring method should be implemented to reach insight in
the associations between sleep quality and HR during different sleep stages.
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