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Abstract

Generally applicable qualifications of sleep and principles for achieving better sleep are difficult to design, because sleep
quality can depend on individual demographic characteristics and lifestyles. In this study, the static and dynamic features of
sleep—wake patterns were analyzed in association with quantitative sleep-related parameters and self-rated sleep quality to
serve as a practical selection of sleep—wake patterns fitted to individual conditions. Data obtained over a 2-week period by
actigraphy from university students and information technology workers were measured to obtain a daily subjective rating of
sleep quality using the Oguri—Shirakawa—Azumi (OSA) sleep inventory. Qualitative sleep quality in terms of OSA score and
quantitative sleep-related and chronobiological features were analyzed with regard to their dependency on the demographic
characteristics, habitual sleep—wake patterns (HSWP), and distinction of weekdays/weekends. Multi-factor ANOVA was used
to further investigate their dependencies regarding multiple ways of interactions between the demographic characteristics,
HSWP, and distinction of weekdays/weekends. Subjective sleep quality and quantitative sleep-related parameters depended
on the demographic characteristics, and so did their associations. The classification of day-to-day variations in HSWP showed
four clusters that were effective factors for understanding their dependencies. Multi-factor analysis revealed demographic
characteristics, HSWP, distinction of weekdays/weekends, and their multi-way interactions up to 3rd order as significant
effectors of qualitative and quantitative quality of sleep. This study clarified how quantitative sleep-related parameters, sub-
jective sleep quality, and their associations depended on demographic characteristics. Furthermore, their dependency was
understood as a combination of multi-way interactions between the demographic characteristics, HSWP, and the distinction
of weekdays/weekends. Our findings could provide a basis for the design of individually matched sleep—wake patterns.
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Introduction

Sleep plays an important role in the maintenance of human
mental and physical conditions. Poor sleep quality can cause
wide range health problems, both acute (e.g., mood swings,
slower cognitive response, higher stress levels) and chronic
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course, good sleep should take place with appropriate tim-
ing and length in a proper environment, with no disruptions
[7]. However, because demographic characteristics, working
style, individual preferences, and physiological responsive-
ness in terms of sleep regulation vary from person to person,
generally applicable sleep qualifications and principles for
achieving better sleep are difficult to design.

Chronotype and social jet lag (SJL) have recently become
widely recognized as chronobiological parameters that char-
acterize habitual sleep—wake patterns [2]. People with the
early chronotype prefer earlier sleep phases, and vice versa
[8—11]. Naturally, those with the late chronotype suffer from
insufficient sleep, and show a tendency to accumulate sleep
debt over working days that results in prolonged sleep on
the weekend or non-working days, i.e., severe SIL [11].
Several studies have suggested that the late chronotype and
severe SJL influence physiological phenomena such as later
melatonin secretion [9], later circadian acrophase of activ-
ity [10], and lower sleep regularity [12, 13], which could
underlie the deterioration of sleep quality. Therefore, these
parameters may be possible candidates of factors that relate
habitual sleep—wake patterns to the quality of sleep. As sleep
is dynamically regulated by interactions between circadian
rhythms and homeostasis under the influence of environmen-
tal and social time cues [14], it might be useful to employ
more dynamical features of habitual sleep—wake patterns,
rather than static parameters such as chronotype and SJL, in
designing sleep—wake patterns for maintaining/improving
sleep quality. In fact, the dynamical feature of regularity in
the daily sequence of resting states has been suggested as a
relevant index in the evaluation of health conditions [3, 15].

We analyzed the association of quantitative feature
parameters of activity during sleep, static chronobiologi-
cal parameters such as chronotype and SJL, and self-rated
sleep quality with demographic characteristics and day-to-
day variations in habitual sleep—wake patterns. The identi-
fied associations were dissected into multiple interactions
between these parameters and factors. The present results
could contribute to the practical selection of sleep—wake pat-
terns fitted to individual conditions, including demographic
characteristics, individual preferences, working style, and
chronobiological/homeostatic regulation.

Materials and methods

The data were acquired in 2014-2017, partly from a previ-
ous study conducted under a different context [16]. The 356
participants with no severe sleep complaints were recruited
in the study, including information technology work-
ers (N=180) or university students (N=176) aged 20-63
years. All participants were asked to record their physi-
cal activity (sampling rate: 30 Hz) using a wrist-mounted
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accelerometer (Actigraph® GT3X +; Actigraph LLC, FL,
USA) and complete the Oguri—Shirakawa—Azumi (OSA)
sleep questionnaire [17] upon waking, for 15 days. The
OSA sleep questionnaire quantifies subjective sleep quality
into five categories: sleepiness at awakening (OSA-1), sleep
maintenance (OSA-2), dreaming (OSA-3), recovery from
fatigue (OSA-4), and self-reported sleep duration (OSA-5).
Higher OSA scores reflect better sleep quality. All measure-
ment procedures were conducted under the approval of the
Ethical Committee of the Graduate School of Information
Sciences, Tohoku University, Japan.

Estimation of quantitative sleep-related parameters

Sleep—wake timing and parameters were estimated using
ActiLife® (Actigraph LLC, FL, USA) based on the
Cole—Kripke sleep—wake identification algorithm [18]. A
sleep report using the sensor algorithm comprised wake after
sleep onset (WASO), sleep-onset latency (SOL), number of
awakenings (NAWK), and sleep efficiency (SE) [19]. Mid-
sleep time (MS), chronotype (MSF,.; mid-sleep on free days
corrected for sleep debt on workdays), and SJL were also
calculated as described in [2, 8, 20]. A simplified version
of the Sleep Regularity Index (SRI) was used to estimate
a mean coincidence percentage of sleep periods between 2
consecutive days [12].

To extract the onset of posture change during sleep, the
data were multiband-filtered (finite impulse response [FIR]
filter of order 20; pass band, 0-0.05 and 2-5 Hz) and then
segmented into 2-s bins with 50% overlap. The mean and
variance of the filtered signals were calculated for each bin.
Movement in each bin at time ¢ was detected if the statisti-
cal quantities for at least one of three-dimensional signals
satisfied either of the following conditions: (1) the absolute
difference between the successive mean levels at ¢ and ¢+ /
was larger than the threshold (=0.01), or (2) the variance at
t was larger than the threshold (=0.007). Movements last-
ing for less than 4 s and intermissions of less than 3 s were
ignored, thus excluding jitter-like movements and subject-
ing only major posture changes for analysis. Figure S-1a
in Online Resource 1 shows the method used to estimate
inter-movement-onset intervals (IMOIs). IMOIs were sub-
jected to logarithmic transformation because of their long-
tailed distribution, and then, their mean, T,,,,, and standard
deviation (SD), T4, were calculated for each sleep episode.
In addition, the number of movements, N,,, and movement
density, D,, (ratio of number of movements to sleep length),
were obtained for each sleep episode.

The circadian amplitude and acrophase of daily activity
were estimated based on one-component static cosine fitting
with 24-h period. Daily activity sequences were band-pass
filtered (FIR filter of order 30; pass band: 2—-5 Hz), and the
locomotor inactivity during sleep (LIDS) ultradian rhythm
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was then extracted following a previously reported method
[21]. The parameters obtained were ultradian period, LIDS
slope, range of oscillation (RoO), and number of ultradian
cycles (N,). Figure S-1b shows an example of an ultradian
rhythm fitted to the LIDS.

Statistical analysis and classification of habitual
sleep—wake patterns (HSWPs)

All statistical analyses were performed using MATLAB
(R2017a). The activities and OSA scores were analyzed for
169 participants (44 male students [age: 21.9 (mean) + 1.60
(SD)], 38 female students [21.4 +1.45], 66 male workers
[44.3+10.4], 21 female workers [39.5+11.1]) in whom
these data were recorded for 7 consecutive days. An omni-
bus test for the demographics dependency of subjective
sleep quality and quantitative sleep-related features was
performed using one-way analysis of variance (ANOVA) or
the Kruskal-Wallis test depending on the distribution of the
parameters. This was followed by t test or Mann—Whitney U
test, respectively, as post hoc tests (Table 1 and Table S-1 of
Online Resource 2). Following multiple comparisons as host
hoc analysis, the Bonferroni correction was used (Tables
S-1 and S-3).

The associations between quantitative sleep-related fea-
tures and OSA scores were analyzed for 305 participants
(95 male students [age: 21.9 (mean) + 1.83 (SD)], 55 female
students [21.2 +1.42], 116 male workers [41.0+11.0], 39
female workers [38.5 +10.0]) in whom activities and OSA
scores were recorded for > 10 days (Tables 2, 3, 4, 5, and
Table S-2 of Online Resource 2), where the female workers
were not subjected to analysis for stratification reasons. Indi-
vidual OSA scores were standardized (z-score) before esti-
mating the Spearman correlations separately for gender dis-
tinction in the students and age group distinction in the male
workers. The male workers were grouped by age into three
groups (20 <age <35, 35<age <45, and 45 <age<63),
considering the age distribution of workers in which there
was a gap around 35 (Fig.S-3 of Online Resource 2). This
grouping did not so deviate from commonly used every ~ 10
years grouping [22]. The same age grouping was applied in
another analysis (Table S-1 of Online Resource 2).

Of the 356 participants, HSWPs were classified in 290
(83 male students [age:22.0 (mean) +2.14 (SD)], 60 female
students [21.3 +1.45], 107 male workers [42.6 +10.5], 40
female workers [38.5 +10.7]) who had completed > 14 con-
secutive days of activity recordings, out of which 14 con-
secutive days were subjected to the following clustering.
K-means clustering was then performed using 10-dimen-
sional features, including the mean and SD of sleep- and
wake-onset times, second and third harmonics of the sleep-
and wake-onset time daily sequences, average MS, and
MSF,.. Then, principal component analysis (PCA) was

applied to show the clustering result explicitly in a lower
dimensional space. Among the variables used for cluster-
ing, the former 8 variables were selected as those for effec-
tively characterizing HSWP. The latter two variables were
selected out of chronotype (MSFsc), variation of mid-sleep
time, SRI, and variation of sleep duration, because including
these two variables yielded the best result in terms of per-
centage of variance explained in PCA. Appropriate numbers
of clusters and cluster features were confirmed by hierarchi-
cal clustering and the elbow method [23].

To summarize the characterization of subjective sleep
quality and quantitative sleep-related features, their multi-
ple dependency on demographic characteristics and HSWP
as between-subject factors, and distinction of weekdays/
weekends as a within-subject factor were investigated by
mixed factor ANOVA [24], where the data of individual sub-
jects were averaged separately for weekdays or weekends,
and a repeat measure model was then generated. The model
included both main and interaction effects among factors. In
addition, the post hoc analysis was done by Tukey—Kramer
test.

Results

Demographics dependency of quantitative
sleep-related parameters and subjective sleep
quality, and their associations

Among the sleep-related parameters, the distributions of the
overnight average of IMOIs and ultradian rhythm parameters
of LIDS, including the ultradian period, RoO, and slope,
are shown in Fig. S-2 of Online Resource 1. Comparisons
across the four different subject groups are listed in Table 1.
Characteristically, demographics dependency of quantita-
tive sleep-related parameters was more pronounced than that
of subjective sleep quality. Distinctively significant differ-
ence in subjective sleep quality was confined to dreaming
frequency (OSA-3) between male students and workers,
and sleepiness at awakening between female students and
workers. Irrespective of gender, students tended to take a
later, longer, more irregular, and less disturbed sleep than the
workers. Gender difference was observed in a job-specific
way, i.e., male students tended to take a later and more dis-
turbed sleep than female students. In contrast, the sleep of
male workers tended to suffer more dense disturbances than
that of female workers. Because the ages of male workers
were distributed over a wide range, they were separated into
three generational groups and age dependency was analyzed
(Table S-1 of Online Resource 2). Sleep timings tended to
be earlier in the eldest group than in other groups, which
was also suggested by the chronobiological features. The
flat ultradian slope also characterized the sleep of the eldest
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Table 1 Comparisons with regard to gender difference (male/female) and job difference (students/workers)

Parameters Male students Female students ~ Male workers Female workers ~ Gender comp. Gender comp Job comp (male)  Job comp (female)
(44) (38) (66) 20 (students) (workers)

OSA-1 15.80[3.61] 15.25[4.72] 17.75[3.75] 15.80[3.50] Z=2.49% Z=-0.05 Z=-1.73 Z=-33%*

OSA-2 18.20[2.50] 17.60[3.30] 18.40[3.30] 17.60[2.90] Z=1.79 Z=2.06* Z=-151 Z=-0.8

OSA-3 23.50[5.00] 23.50[5.00] 29.50[3.00] 23.50[5.00] Z=0.45 Z=1.72 Z=-3.03%* Z=-09

OSA-4 15.67[3.35] 15.67[4.83] 15.70[4.85] 15.70[4.85] Z=0.21 7Z=-0.38 Z=-1.85 Z=-19

OSA-5 16.00[5.50] 16.00[5.50] 16.00[5.50] 16.00[5.50] Z=-0.23 Z2=0.92 Z=-16 Z=-0.1

Sleep onset  01:36(01:32) 00:56[01:07] 00:21(01:29) 00:22(01:15) Z=3.71%%% t(607)=-0.09 t(768) =11.24%%%  Z =4 4k¥*
(hh:mm)

Wake onset  08:04[00:54] 07:59[01:00] 06:33[00:42] 06:27[00:33] Z=2.04** Z=1.62 Z=14.27%%* Z=9.56%%%*
(hh:mm)

Sleep 06:43(01:24) 06:57(01:39) 06:26[00:52] 06:16(01:26) t(572)=-1.81 Z=1.19 Z=3.11%%* t(411) =4 2%
duration
(hh:mm)

MS (hh:mm)  04:50[00:51] 04:30[00:53] 03:28[00:46] 03:20[00:29] Z =347 7=0.62 Z=13.64%:% Z=8.05%*

MSF 05:05(01:19) 04:46(01:26) 03:46(01:29) 03:55(01:05) t(80)=1 t(85)=-0.42 t(108) =4.69%**  (57)=2.33*
(hh:mm)

SIL (hh:mm) 00:26[00:30] 00:44(00:38) 01:08(00:52) 01:01(00:45) 7=-0.14 t(85)=0.47 Z=-2.63%* t(57)=-1.5

SRI (%) 76.28[8.12] 78.17[7.83] 79.04[5.37] 81.65[5.05] Z=-0.39 Z=-1.8 Z=-151 Z=-1.8

SE (%) 92.83[3.16] 94.77[2.85] 91.28[4.26] 91.05[4.36] Z=-5.93%%* 7=-0.18 Z=3.25%%* Z=6.3]%%*

SOL (min- 1.00[1.50] 2.00[2.00] 2.00[1.50] 3.00[1.50] Z=-145 7=0.01 Z=—-6.08%%* Z=-2.8%*
utes)

NAWK 14.50[5.25] 11.00[5.50] 16.00[6.50] 15.00[6.00] Z=5.35%:#% 7=0.39 Z=-0.66 Z=—4.3%%x
(times)

WASO 27.00[13.25] 19.00[11.00] 31.50[18.00] 30.00[17.00] Z=5.39%%% Z=0.74 Z=-2.02% Z=—-4.8%%*
(minutes)

T ean (s€C- 267.33[53.53] 295.04[55.40] 264.87[64.74] 291.37[73.58] Z=-234 Z=-3.3%* Z=1.32 Z=-09
onds)

Tyq (sec- 312.35[54.20] 338.73[61.44] 294.40[72.10] 321.53[71.98] Z= -3 Z=-2.84%%% Z=2.46* Z=1.03
onds)

N,, (times) 40.00[12.50] 39.00[10.50] 38.00[12.50] 30.00[10.88] 7=0.7 Z=3.86%"* Z=0.69 Z=4.01%%*

D, 0.10[0.02] 0.09[0.02] 0.10[0.03] 0.09[0.02] Z7=2.28% Z=3.82%%% Z=-048 Z=2.14%

Ultradian 80.00[15.00] 80.00[12.50] 80.00[12.50] 75.00[15.00] Z=-0.24 Z=1.64 Z=0.81 Z=231%
period
(min)

LIDS slope —0.13[0.09] —-0.11[0.09] —-0.11[0.10] —0.09[0.10] Z=-0.01 Z=-0.76 Z=-2.03* Z=-22%

RoO 7.59[1.77] 6.88[1.62] 7.09[1.62] 6.84[1.57] Z=2.72%%* Z=157 Z=245% Z=0.75

N, 4.80[1.04] 5.20[0.95] 4.8[1.05] 4.78[1.19] Z=-127 Z=-0.34 Z=1.20 Z=1.34

Circadian 34.15[12.94] 32.99[9.53] 24.15[9.99] 23.61[9.32] Z=1.79 Z=-0.6 Z=8.29%** Z=4.92%**
amplitude

Acrophase 16:00[01:30] 15:20[01:20] 14:30[01:30] 14:00[01:20] Z =312 Z=1.46 Z="T7.7%%% Z =471k
(hh:mm)

Values are represented as mean (SD, Gaussian)/median [semi- interquartile range, non-Gaussian]. As post hoc tests, ¢ test, and Mann—Whitney
U (MWU) tests were used for Gaussian and non-Gaussian cases, respectively. #-value and degree of freedom, and Z-value are given for 7 test and
MWU test, respectively

*** p<0.001, **p<0.01, *p<0.05. MS: mid-sleep time, MSFg- mid-sleep on free days corrected for sleep debt on workdays, SJL social jet
lag, SRI sleep regulatory index, SE sleep efficiency, SOL sleep-onset latency, NAWK number of awakenings, WASO wake after sleep onset, N,
number of movements, D,, movement density, LIDS locomotor inactivity during sleep, RoO range of oscillation in LIDS, N, number of cycles in
LIDS. Circadian amplitude and Acrophase are estimated by cosine fitting to the daily activity. These abbreviations and notations are applicable

for the following tables

group. The sleep of the middle-aged group tended to be less
disturbed in terms of NAWK and N, accompanying subjec-
tive sleep ratings of highest OSA-2 and OSA-3, and lowest
OSA-1 and OSA-4 in comparison with the other groups. The
youngest group tended to take a longer and later sleep, which
coincided with later chronobiological features, although not
significantly. However, sleep in this group was characterized
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quantitatively by frequent disturbances in terms of NAWK
and N,,, accompanying subjective sleep ratings of lower
OSA-2, 3, and 4.

In correlation analyses performed between daily quantita-
tive sleep-related parameters and subjective sleep quality for
each demographic group (Tables 2, 3, 4, 5) (Spearman cor-
relations), the student analysis focused on gender difference
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Table 2 Spearman correlation SSQ/OSP Mean (SD) or OSA-1  OSA-2  OSA-3  OSA4  OSAS

(male. stu.dents) between daily median [semi-igr]

quantitative sleep-related

parameters and subjective sleep  SE (%) 91.84 [3.36] ~0.002 0.115%%% 0,027 0.001 0.04

quality SOL (min) 2.00 [1.50] 0.017 0.051 0.01 0.031 0.025
NAWK (times) 15.00 [5.50] 0.089%*  —0.012  -0.053 0.065%  0.174%%%
WASO (min) 30.00 [14.00] 0.070% —0.092%%  —0.045 0.033 0.116%**
Sleep duration (min) ~ 409.00 [57.50] 0.222%%%  0.084%% —0.092%%  (0.163%F  (.455%%
Tean (5€C) 256.09 [51.17] ~0.026 0.062%* 0.047 -0.027  -0.049
T, (sec) 304.78 [57.81] ~0.025 0.029 0.046  —0.041  —0.067*
N,, (times) 42.00 [12.00] 0.129%%% 0042  —0.048 0.080%%  0.237#%*
D,, (times/hr) 6.21 [1.35] 0.026 ~0.095%%  —0.034 0.012 0.023
Period (min) 80.00 [12.50] 0.087%*  —0.037  -0.013 0.064%  0.048
LIDS slope ~7.99[5.95] 0.043 0.015 0.052 0.026 0.054
RoO 7.68 [1.93] ~0.032  —0.058* 0.026 ~0.051  —0.082%*
N, 4.80[1.13] 0.083%* 0.069%  —0.064* 0.068%  0.261%%*
Circadian amplitude  33.53 [11.87] ~0.01 0024  —0.009  -0.026  —0.048
Acrophase (hh:mm)  16:00 [01:41] -0.003 0.005 -0.008 0.014 0.009

Table 3 Spearman correlation

*##%p <0.001, *¥p <0.01, *p<0.05 SE sleep efficiency, SOL sleep-onset latency, NAWK number of awak-
enings, WASO wake after sleep onset, N, number of movements, D, movement density, LIDS locomotor
inactivity during sleep, RoO range of oscillation in LIDS, N, number of cycles in LIDS. These abbrevia-
tions and notations are applicable for the following tables

SSQ/OSP Mean (SD) or OSA-1  OSA-2 OSA-3 OSA-4  OSA-5

(fgmale stu@en}s) between median [semi-iqr]

daily quantitative sleep-related

parameters and subjective sleep SE (%) 94.84 [2.91] 0.032 0.112%* 0.026 0.016 0.015

quality SOL (min) 1.00 [2.00] 0.036 0.057 0.047 0.046  —0015
NAWK (times) 11.00 [5.00] 0.038  —0.036 ~0.075% 0.066 0.173%%%
WASO (min) 19.00 [13.00] 0.015  —0.094*%+  _0.072% 0.03 0.116%*
Sleep duration (min) 413.53 (93.42) 0.213%% _0.087%  —0212%%%  (.195%* (.500%%*
T nean (5€€) 299.86 [61.56] ~0.038 0.108%* 0.063 ~0.043  —0.074%
T, (sec) 348.85 [65.88] ~0.023 0.102:* 0.042 ~0.042  —0.079%
N,, (times) 36.00 [11.00] 0.091* —0.053 ~0.097** 0.113%%  0.260%**
D,, (times/hr) 5.30[1.12] ~0.009  —0.122%  _0.042 0.014 0.037
Period (min) 80.00 [12.50] 0.046 0.057 0.007 0.052 0.084*
LIDS Slope —7.07 [5.36] -0.032  -0.017 ~0.039 0.011 0.094%
RoO 6.72 [1.63] ~0.005  -0.052 0.013 0.008  —0.025
N, 5.19 (1.48) 0.088%  0.023 —0.088%* 0.090%  0.237#%*
Circadian amplitude  31.21 [9.88] -0.004  —0.044 ~0.029 -0.007  -0.033
Acrophase (hh:mm)  15:33 [01:30] ~0.048  —0.037 0.024 ~0.013  —0.089%

because of their similar age (Tables 2 and 3) and the worker
analysis focused on generational difference within the males
because of their widely distributed ages and because of the
limited number of female worker subjects (Tables 4 and 5;
for the middle generation group of workers (35 <age <45),
see Table S-2 of Online Resource 2). The following tenden-
cies were shared by the results for the students. (1) Sleep
duration had non-negligible correlations with most of the
OSA scores, especially OSA-1 (sleepiness at awakening),
4 (fatigue recovery), and 5 (subjective sleep duration). (2)

Parameters characterizing the total disturbances during
sleep, such as NAWK, WASO, and N,,, exhibited similar
profiles to those of sleep duration. (3) Associations with
the parameters characterizing the occurrence density of
disturbance such as SE and D,, were confined to OSA-2
(sleep maintenance), as did the statistics of IMOIs, T, ..,
and T, in the female students. (4) Chronobiological and
ultradian rhythm-related parameters such as amplitude and
acrophase of circadian rhythm, period of ultradian rhythm,
LIDS slope, and RoO were mostly uncorrelated with the
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Table 4 Spearman correlation

SSQ/OSP Mean (SD) or OSA-1 OSA-2 OSA-3  0SA-4 0SA-5

(male work.ers, age < 35. years) median [semi-igr]

between daily quantitative

sleep-related parameters and SE (%) 91.58 [3.74] 0.082 0018  -0.02 0.055 0.063

subjective sleep quality SOL (min) 2,00 [1.50] 20035 —0012 0043 0.027 0.02
NAWK (times) 16.00 [6.50] 0.092 0.068 —0.072  0.112%  0221%%*
WASO (min) 31.00 [18.13] 0.009 0.02 -0.044  0.041 0.081
Sleep duration (min)  390.6 (94.8) 0.284%**  (0.191*** —-0.076 0.283***  (0.469%%**
T pean (5€€) 266.58 [55.36] 0.023 0.031 -0.013  0.016 -0.084
T, (sec) 298.13 [67.14] -0.02 -0.019 001 -0.007 -0.08
N,, (times) 37.00 [11.50] 0.128* 0.061 —0.075  0.155%F  0.280%%*
D,, (times/hr) 5.86 [1.29] -0.022  -0.038 -0.017  0.009 0.047
Period (min) 75.00 [12.50] 0.063 0.056 -0.033  0.048 0.057
LIDS slope -5.49 [5.96] 0.031 -0.047 0016 0.034 0.101
RoO 7.03 [1.66] 0.006 -0.052  0.02 0014  -0.032
N, 4.84[1.12] 0.125% 0.075 -0.058  0.130%  0.249%%%
Circadian amplitude ~ 22.92 [8.13] 0.041 -0.046  -0.021  0.056 0.022
Acrophase (hh:mm) 15.00 [1.50] -0.025 0.029 0.022 -0.024 -0.035

Table 5 Spearman correlation SSQ/OSP Mean (SD) or 0SA-1  OSA-2 OSA-3  OSA4  OSA-S

(male Work'ers, age;4§ years) median [semi-igr]

between daily quantitative

sleep-related parameters and SE (%) 90.91 [5.43] 0.01 0.106%*  0.039 0021 0016

subjective sleep quality SOL (min) 3.00 [1.50] ~0.007 0.07 0.003  -0019  —-0.04
NAWK (times) 14.00 [7.00] 0072  -0.028 -0.066 0.055  0.167%%*
WASO (min) 31.00 [21.50] 0029  -0.093*  -0.056 0.034  0.099%*
Sleep duration (min) ~ 377.47 (83.32) 0.173%%%  0.032 —0.086%  0.225%FF (.406%%*
Tonean (5€€) 250.80 [66.75] 0.001 0.093* 0.049 -0018 0
T, (sec) 291.50 [70.32] -0.031 0.116%*  0.083* -0.008  —0.052
N,, (times) 39.00 [13.50] 0075  -0.066 ~0.054 0.109%*  (.]158%%x
D,, (times/hr) 6.24 [1.69] 0002  -0.102%% —0.034 0.021 -0.018
Period (min) 75.00 [12.50] 0.028  -0.045 -0.016  -0.005 0014
LIDS slope ~4.76 [5.98] ~0.059  -0.062 -0.082* -0.005  -0.015
RoO 7.07 [1.68] ~0.037  -0.055 ~0.011  -0.064  —-0.045
N, 4.71 [1.05] 0.057 0.021 ~0.054 0.130%** (0.2]3%%+
Circadian amplitude  22.48 [9.94] ~0.02 ~0.005 ~0.046 0.006  0.082%
Acrophase (hh:mm)  14:20 [01:30] 0.003  -0.012 -0.002  -0.028  -0.007

OSA scores, although N shared a profile with the total
disturbance-related parameters. The correlation profile of
female students differed from that of males in terms of non-
negligible significant correlations between sleep duration
and OSA-3 (dreaming) and between statistics of IMOIs
and OSA-2 (sleep maintenance). In addition, the total dis-
turbance-related parameters showed slight correlation with
OSA-4 only in female students, and with OSA-1 only in
male students.

Compared with the students, the male workers showed
non-negligible correlations of the parameters related to the
total disturbances to OSA-4 as well as OSA-1. Slight but
significant OSA-2-specific correlations of the disturbance
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density-related parameters, as a tendency shared by the
students, were found only for the eldest worker group
(> 45 years), as did the statistics of IMOIs. In addition,
ultradian period had non-negligible correlations with
OSA-1 and OSA-4 for the middle-aged group of workers.

Comparison between the students and youngest worker
group revealed that sleep duration, the total disturbances-
related parameters, and N, correlated with more OSA
scores in the workers than in the students. In contrast,
slight but significant OSA-2-specific correlations of the
disturbance density-related parameters were found only
in the students.
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Classification of HSWPs

Further analyses were performed to clarify how the subjec-
tive and quantitative aspects of sleep depend on HSWPs
through clustering. The results of HSWP clustering are

shown in Fig. 1, which shows day-to-day variations in sleep-
and wake-onset times superposed around the individual
mean level, together with the typical HSWP, for each cluster.
Together with the cluster-dependent statistical features of
the parameters used for classification and the demographic
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Fig.1 a Typical sleep—wake patterns classified into the respective
clusters of habitual sleep—wake patterns: from left to right, Clusters
1, 2, 3, and 4. b Day-to-day variations in sleep-onset (top) and wake-
onset (bottom) times for the participants in each cluster superposed
around the individual mean level (blue lines) and averaged traces

04 06 T T

(thick black line). c—e Distributions of sleep—wake patterns in the
principal component (PC) coordinates from different views: ¢ per-
spective view, d PC1-PC2 plane, and e PC2-PC3 plane. Colors cor-
respond to the C1-C4 clusters of habitual sleep—wake patterns
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structure of clusters (Tables S-3 and S-4 of Online Resource
3), the HSWP clusters were characterized as follows:

(1) Cluster 1 (C1, N=83): The statistics for sleep- and
wake-onset times, MS, and MSF_, showed that C1
shared the tendency of earlier habitual sleep with C3.
Nevertheless, in contrast with C3, more severe SJL and
greater irregularity of daily activity patterns in terms of
SRI characterize this cluster. C1 or C3 included more
workers than the other clusters, which was statistically
suggested by Chi-square test of bias in demographic
proportions across clusters.

(2) Cluster 2 (C2, N=34): C2 shared the tendency of later
habitual sleep with C4. Extreme day-to-day and weekly
variations in sleep- and wake-onset times distinguished
C2 from C4, as did the irregularity of daily activity
patterns. In C2 and C4, there were more students than
workers. This bias of student proportions in C2 and C4
was suggested statistically.

(3) Cluster 3 (C3, N=97): This cluster was characterized
by earlier habitual sleep with the most regular sleep-
and wake-onset times and the least SJL. Two-thirds of
members of this cluster were workers.

(4) Cluster 4 (C4, N=76): This cluster was characterized
by later habitual sleep, in which the day-to-day and
weekly variations in sleep- and wake-onset times were
less pronounced in comparison with C2. In addition,
a slightly longer sleep duration distinguished it from
the other clusters. Two-thirds of cluster members were
students.

PCA conducted to represent the cluster features with a
minimal dimension revealed the distribution of day-to-day
variations in HSWPs in the third-order principal compo-
nent (PC) coordinates (the total contribution ratio up to
the third-order PC components was 74%) together with the
loading vectors, as shown in Fig. 1c—e. From mappings on
the PC1-PC2 and PC1-PC3 planes, it was found that PC1
separated C3 and C4, and PC2 separated C1 and C2. From
mapping on the PC2—-PC3 plane, PC2 separated C1/C4 and
C2/C3. The PC1-PC3 vectors are listed in Table S-5 (Online
Resource 3).

Multiple dependency of subjective sleep quality
and quantitative sleep-related parameters
on demographic and HSWP characteristics

The dependency of subjective sleep quality and quantita-
tive sleep-related parameters on demographic characteris-
tics shown in Table 1 was further analyzed by taking into
consideration the HSWP clustering results and weekday/
weekend difference. Their multiple dependency on demo-
graphics (Gender and Job), Day (distinction of weekdays/

@ Springer

weekends), and HSWP clusters is shown up to 4-way inter-
action (Table 6). The significant effectors for the respective
features are summarized graphically in Fig. 2. Subsequently,
a post hoc analysis by Tukey—Kramer test was performed
(Table S-6 of Online Resource 4). Based on these results, the
sleep features significantly affected by the multi-way interac-
tions are listed below, and their dependencies are explained,
where the highest order of interactions is given in paren-
thesis with *p <0.05, **p <0.01, or ***p <0.001, and the
abbreviations, G for Gender, J for Job, D for Day, and C for
HSWP, are used.

OSA-4 and OSA-5 (D*): Subjective evaluation of fatigue
recovery and sleep duration tended to be better on weekends
in comparison with weekdays.

Sleep and wake onsets, and mid-sleep time (C:D***,
J:D*): Sleep phase-related timings were found to exhibit the
inter-cluster dependency similar to Table S-3, irrespective of
weekdays or weekends. In addition, these timings tended to
be significantly later on weekends than weekdays for almost
all HSWP clusters. The students tended to wake up signifi-
cantly later as compared with the workers, irrespective of
weekdays or weekends.

Sleep duration (C:G:D*): Significant prolongation of
sleep duration tended to take place on weekends for some
combinations of cluster (C2, C3, C4) and gender. For the
females, weekend prolongation of sleep duration was pro-
nounced for C2 in comparison with C4.

Circadian amplitude and acrophase (G:D*, C:D*): For
the males, circadian amplitude tended to be larger on week-
ends than weekdays, and this weekend increase in circadian
amplitude was shown to be more pronounced for the males.
Weekday circadian acrophase tended to be earlier for C3
than C2.

SE, SOL, NAWK, and D,, (J:D**, J.D*, C:G:D**, D*):
The workers tended to experience lower weekend SE and
longer weekend SOL, as compared with the students. D
tended to be higher on weekends. The male subjects belong-
ing to C3 and C4 tended to experience more NAWK on
weekends, as compared with the female workers.

Ultradian period and N, (C:G:D*, C*, D***): Weekday
ultradian period of the females belonging to C2 tended to be
significantly longer than those to C3. N, tended to be larger
in C3 than C4, and on weekends than weekdays.

Discussion

The ability of demographic characteristics such as gender,
job, and age to differentiate quantitative sleep-related fea-
tures and subjective sleep quality and their associations
has been shown previously [25-27]. In the present study,
their demographics dependency was further analyzed. To
quantitatively characterize activity during sleep, IMOIs and
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HSWP:Gender

OSA-4: Fatigue
Recovery

OSA-5: Self-reported
Sleep Duration

Fig.2 Graphical representation of dependency of quantitative sleep-
related parameters and subjective sleep quality on the demographic
characteristics, distinction of weekdays/weekends, HSWP, and
their multi-way interactions. Orange ovals: factors to be tested, pink
squares: subjective sleep quality and quantitative sleep-related param-
eters; blue squares: 2-way interactions; green squares: 3-way inter-

ultradian inactivity rthythms were estimated, in addition to
the conventional parameters produced by the accelerometer
algorithm [19, 21]. In our analysis, longer IMOISs responsible
for body sway or posture change other than jitter-like events
[28] were extracted. Ultradian inactivity rhythms were char-
acterized based on a similar range of parameters reported in
a previous study [21]. In part, our results shared a previously
reported tendency for students to take a later, longer, and
more irregular sleep compared with workers, irrespective of
gender [10, 13, 27]. Despite these features, student’s sleep
was found to be less disturbed than that of the workers. This
paradoxical finding might be due to the worker’s obligatory
regularity of lifestyle, which is suggested by the pronounced
SJL for the workers (Table 1), although there is a possibility
of confoundment by age. Regarding the gender difference,
the male students tended to take a later and more disturbed
sleep compared with the female students. There were more
dense disturbances in the sleep of male workers than female
workers. Although less distinctive, some scores of subjective
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actions. A significant level of each effect represented by an arrow is
denoted by F-values with *p<0.05, **p<0.01, ***p<0.001. The
numbers with no asterisk indicate a tendency only, with p<O0.1.
Dashed lines indicate factors that combine to form multi-way interac-
tions

sleep quality tended to be lower in the female subjects than
in the males. Taken together, female subjects have tended to
self-evaluate their sleep quality as worse than the quantita-
tive features of less disturbed sleep in comparison with male
subjects [21, 27, 29, 30]. Worker’s age dependency of sleep
features revealed that the middle-aged group tended to have
less disturbed sleep in a subjective as well as objective sense,
but less satisfactory sleep in comparison with the other gen-
eration groups. In addition, the eldest generation group in
other studies has also exhibited earlier HSWP and a flatter
ultradian slope compared with younger groups [20, 21].
Analysis of associations between quantitative sleep-
related parameters and subjective sleep quality for each
demographic group showed non-negligible correlations
of student’s sleep duration with OSA scores except OSA-2
(sleep maintenance), which was also the case for parameters
characterizing the total disturbances during sleep. This coin-
cidence could be understood particularly when the occur-
rence density of disturbances shows not so much variation



Sleep and Biological Rhythms (2021) 19:369-381

379

through an individual’s sleep. In contrast, there was an asso-
ciation of OSA-2 with parameters characterizing the occur-
rence density of disturbance. The present study is the first
to reveal a categorical profile of associations between the
subjective and quantitative features of sleep. Gender differ-
ence analysis has added the female-specific characteristics of
non-negligible significant OSA-3 (dreaming)-related corre-
lations to some quantitative feature parameters of sleep [31].
Compared with the students, for the male workers, non-neg-
ligible correlations of the parameters related to the total dis-
turbances were found additionally for OSA-4 (fatigue recov-
ery), in all generation groups. The eldest worker group (>45
years) exhibited a slight but significant correlation of the dis-
turbance density-related parameters with OSA-2, which was
also shared by the students. That this tendency was shared
by all generations of workers might suggest their awareness
of fatigue recovery. In the job comparison between the male
students and workers aged < 35 years, sleep duration was
non-negligibly correlated also with OSA-2 for the workers
in contrast to the students whose disturbance density-related
parameters were found to be correlated only with OSA-2.
The students might be more sensitive than the workers to
disturbances partly, because the students’ sleep is usually
less disturbed.

The above analysis showed the fundamental demograph-
ics dependency of qualitative and quantitative features of
sleep, and their associations. Nevertheless, the demograph-
ics dependency was mostly confined to the quantitative
features, and the moderate association profiles were not
sufficient to fully explain the behavior of sleep quality.
To investigate another aspect of sleep, HSWPs were then
characterized by clustering. Our classification of HSWPs
revealed four clusters, C1-C4, which enabled differentia-
tion of the relationship between quantitative sleep-related
features and subjective sleep quality. Among the various
indices of the static and dynamical aspects of HSWPs [2,
3, 8], chronotype was used directly for our classification;
the second harmonics of the sleep- and wake-onset times
included information on SJL, and SRI was in part shared
by SDs and harmonics of the sleep- and wake-onset times.
In this sense, our classification was conducted through a
composite version of these conventional measures. Testing
of bias in demographic proportions across clusters revealed
significant biases in job and age group but not in gender
(Table S-4 in Online Resource 3). C1 and C3 shared a simi-
lar tendency of earlier habitual sleep. In contrast, C2 and C4
shared a similar tendency of later habitual sleep. This cluster
dependency might be at least partly due to the demographic
structure of clusters that more workers (elderly subjects) in
the former clusters and more students (younger subjects) in
the latter clusters were included, respectively, considering
the job- and age-dependent sleep features known previously
[20, 32]. In other words, patterns of day-to-day variations in

wake- and sleep onsets and SJL, among others, are thought
to further differentiate detailed classification. The PCA fur-
ther provided a reduced dimensional representation of the
clusters formed by the composite measures.

By additionally including the results of HSWP classi-
fication, subjective sleep quality and quantitative features
of sleep were shown to depend in multiple ways on demo-
graphics (Gender and Job), HSWP clustering results, and
distinction of weekdays/weekends (Day). Further details
of dependencies were analyzed by the post hoc test. Sleep
phase-related timings were found to exhibit the inter-cluster
dependency similar to Table S-3, irrespective of weekdays or
weekends. Common habit of SJIL was well recognized from
the tendency that most of these timings were more delayed
on weekends in comparison with weekdays [22, 33] In addi-
tion, the workers tended to wake up earlier than the students
[32]. Chronobiological features of daily activity revealed the
gender-specific tendency that the male’s circadian amplitude
was larger on weekends than weekdays [10, 20]. Circadian
acrophase characterized C2 as the cluster with significantly
later HSWP than the others. Sleep duration was found to be
significantly prolonged on weekends within some HSWP
clusters in a gender-specific manner. This could be under-
stood at least partly from the common lifestyle causing SJL
[22, 33]. Increasing tendency of N, on weekends might be
associated with the prolongation of sleep duration because
of no significant effect of day on the ultradian period. Dis-
turbances were more pronounced on the weekend sleep of
workers than the students. Especially for relatively regu-
lar HSWP clusters, the male’s weekend sleep tended to be
more disturbed than the weekday sleep. Such paradoxical
tendency of disturbed weekend sleep for relatively regular
HSWPs needs further investigation to be clarified. On the
other hand, subjective sleep quality in terms of OSA-4 and
OSA-5 tended to be better on weekends than weekdays. This
tendency suggests multifaceted relationship between quanti-
tative features of sleep and subjective sleep quality.

This study has some limitations. The actigraphy data ana-
lyzed here were collected from university students and infor-
mation technology workers. However, the demographic bal-
ance of subjects was not well organized. The ages of female
workers were unevenly distributed, which made age-related
comparison within them difficult. Age distribution of female
workers needs to be further diversified. In addition, the sub-
jective sleep quality and the quantitative sleep features were
not fully explained by the demographics and HSWP. Such
a disagreement has commonly been recognized, although
the sleep quality questionnaires used previously were differ-
ent from those in the present study [6, 34]. More elaborate
analysis and additional observations might be necessary to
improve the predictability of sleep quality, and will be a
topic of future study. There seems to be inconsistency in
usage of statistics that the non-parametric test was used in
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Table 1, and the multi-way ANOVA in Table 6. However,
the multi-way ANOVA has been empirically known to be
robust against non-normality at least for lower order interac-
tions [24, 25]. In addition, we confirmed that the residuals of
the multiple dependency analysis did not so seriously devi-
ate from the normality by a quantile—quantile plot. Highly
accurate and elaborate analysis taking non-normality into
account will be a future subject [35].

Conclusions

Subjective sleep quality was evaluated in light of various
aspects-based OSA scores, each of which was associated in
a particular way with quantitative sleep-related parameters.
The associations were differentiated according to HSWP
clusters. Further quantitative dissection of subjective sleep
quality, considering multifaceted factors, such as gender,
age, and occupation, could improve the validity of the pre-
sent results, and enable selection of an HSWP fitted to an
individual’s working style and preferences.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s41105-021-00326-9.
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