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Abstract

Background Insufficient sleep has been linked to the accumulation of cardiometabolic risks while physical activity
acts as a protective factor. Also, sleep regularity may play a critical role in maintaining optimal cardiometabolic health.
This cross-sectional study examined the association between device-based sleep regularity, waking activity behaviors,
and cardiometabolic health markers, including blood pressure level; abdominal adiposity level; and blood glucose,
insulin, and cholesterol.

Methods We included 3698 members of the Northern Finland Birth cohort 1966 who participated in the follow-up
study at the age of 46 years between 2012 and 2014 (women 61%). We used seven-day standard deviations of device-
based bedtime, wake-up time, and time in bed to reflect sleep regularities. As covariates in linear regression models,
we used commonly known potential risk factors in (gender, education, marital status, work schedule, smoking status,
alcohol risk use, seven-day time in bed mean, chronotype). In addition to the previous, we used either sedentary time
or total physical activity as a covariate (B coefficients with 95% confidence intervals Cl).

Results When we considered sedentary time with other covariates, irregularities in bedtime, wake-up time, and time
in bed were associated with unfavorable cardiometabolic health markers, such as higher body mass index (bedtime
regularity: 0.194, 95% CI [0.072, 0.316], p=0.002); higher diastolic blood pressure levels (time in bed regularity: 0.175,
95% CI1[0.044, 0.306], p=0.009); and higher 2-h glucose levels (wake-up time regularity: 0.107, 95% CI [0.030, 0.184],
p=0.006). When we considered total physical activity with other covariates, only irregular bedtime was associated
with higher waist circumference (B 0.199, 95% CI [0.042, 0.356], p=0.013). Irregularities in bedtime and wake-up

time were not associated with higher diastolic blood pressure, higher visceral fat area or higher fasting insulin level
after considering sedentary time or total physical activity with other covariates (in all, p >0.05).
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Conclusions In middle-aged, physical activity appears to weaken the adverse relationship between irregular sleep
and cardiometabolic health markers, although the interpretation of the impact of sedentary time remains less conclu-
sive. The clinical significance and extent of the observed associations warrant further investigation.

Keywords Sleep-wake -rhythm, 24-h activity rhythm, Sleep regularity, Sleep consistency, Physical activity, Sedentary

time, Chronotype, Circadian health

Background

Adequate sleep plays a key role in preventing cardiomet-
abolic problems and diseases, such as diabetes, hyperten-
sion, heart disease, and stroke [1, 2]. However, adequate
sleep is not only actual hours slept, and factors such as
sleep regularity have been shown to be associated with
cardiometabolic health markers [3, 4]. The sleep—wake
rhythm is an approximately 24-h biological rhythm that
is controlled by the suprachiasmatic nuclei of the hypo-
thalamus [5]. Sleep regulation has been proposed to be
the interplay between sleep—wake homeostasis and an
internal circadian rhythm that repeats itself approxi-
mately every 24 h [6, 7].

An individual’s chronotype is reflected in the variations in
circadian preferences regarding daily sleep, wake, and high
alertness times. Chronotype differences are based on the dif-
ferent phases of an internal circadian rhythm (i.e., a morn-
ing-type individual’s circadian rhythm runs earlier, while
an evening-type individual's rhythm runs later regarding
the surrounding time of day [8]. A recent population-based
study found that chronotype, and especially the evening
chronotype, was associated with higher cardiometabolic
risk [9]. Moreover, Reutrakul et al. [10] found evidence of the
associations between evening-type individuals and several
cardiometabolic disorders and unhealthy behaviors.

The internal circadian rhythm can become disrupted,
which eventually leads to misalignment or internal
desynchronization. Behind potential circadian disrup-
tion can be work schedules, irregular sleeping habits,
chronotype or meal timing [11]. This loss of coordination
of circadian rhythm can have negative consequences for
sleep—wake cycles and numerous other biological func-
tions [12-14]. Previous studies have suggested that a
misalignment between circadian rhythm and sleep time
is associated with metabolic risk factors that predispose
individuals to cardiometabolic issues, such as greater
body mass indexes and waist circumferences, higher fast-
ing glucose and blood pressure levels, and lower HDL
cholesterol levels. [15] Most of the evidence of the asso-
ciation between the abovementioned misalignment and
cardiometabolic health has come from studies of shift
workers [10, 16] with only a few studies of the general
population having been conducted [15, 17, 18]. Based
on the existing literature, a deeper understanding of the
role of daily sleep regularity in the health of the general

population is required to inform public health guidelines
and future research [3, 4]. As knowledge about the 24-h
sleep—wake homeostasis process and its links to health
increases, recommendations for improved quality of
sleep could also be required to include a recommenda-
tion for sleep time and regularity.

Recent studies suggest that sleep and movement inten-
sities that make up the 24-h day are codependent [19—
21]. Physical activity (PA) is associated with improved
quality of sleep [22]. There is evidence that higher levels
of physical activity may offset all-cause mortality risks
associated with short sleep duration [23]. Overall, stud-
ies have shown that daytime activity facilitates circadian
alignment [24, 25]. A survey-based prospective cohort
study of middle-aged adults showed that engaging in
moderate- to high-intensity PA in the daytime is effec-
tive in preventing insomnia [26]. In this context, it is also
important to consider the convincing research evidence
indicating that more PA is associated with better cardio-
metabolic health [27]. Therefore, when studying the asso-
ciation between sleep habits and cardiometabolic health,
waking activity behaviors should also be considered [28].

In sleep-related studies, time in bed (TIB) refers to the
duration of the primary sleep period, including wakeful-
ness occurring before, during and after the major sleep
episode [29, 30]. Bedtime refers to the time at which TIB
starts, and wake-up time refers to the point at which
TIB ends. Sleep—wake -rhythm regularity across multi-
ple days can be calculated from the information of sleep
timings, such as bedtime or sleep duration by calculating
standard deviation (SD) of the variable under considera-
tion between measured days [17, 18, 31].

The aim of this population-based study is to exam-
ine the association between sleep regularity, waking
activity behaviors, and cardiometabolic health markers
among middle-aged Northern Finland Birth Cohort 1966
(NFBC1966) participants. As an indicator of sleep regu-
larity, we use device-based bedtime, wake-up time, and
time in bed (TIB) regularities.

Methods

Participants

The study comprised data from the Northern Finland
Birth Cohort (NFBC1966), a longitudinal birth cohort
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including all Oulu and Lapland newborns whose births
were expected in 1966 (N=10,331) [32, 33]. The cohort
members were regularly monitored prospectively
through a wide range of clinical measurements, inter-
views, and postal questionnaires. This cross-sectional
study included members of the NFBC1966 who partici-
pated in the most recent follow-up study at the age of
46 years (between 2012 and 2014) and agreed to wear
accelerometer-based activity monitors to measure daily
activity. The data collected in the 46-year follow-up study
included self-reported data on the individuals’ health
behaviors (n=7146 [69.2%]) and whether they attended a
clinical examination (n=5832 [56.5%]).

Measurements

Accelerometer

Participants attending the clinical examinations were
asked to wear accelerometer-based activity monitors
(Polar Active, Polar Electro Oy, Kempele, Finland) [34]
continuously over 24 h, and while sleeping, for 14 con-
secutive days on their nondominant wrists. In this study,
only seven consecutive days of data was included for each
participant. Polar Active outputs metabolic equivalents
(METs) every 30 s using background information (body
height, body weight, age, and sex)) [35]. The intensity
levels produced by Polar Active have been shown to be
more comparable between different accelerometer-based
methods than the commonly used limits defined by a
hip accelerometer (e.g., sedentary time<1.5 METs, low
PA 1.5-3 METs and moderate exercise 3—6 METs). For
example, using the limits set by the ActiGraph (model
GT3X), the Polar Active’s<2 MET threshold was found
to give similar results to the ActiGraph’s<100 move-
ments per minute limit [36]. In addition, Polar Active
has been shown to detect well energy expenditure dur-
ing free-living (correlation coefficient 0.88) and during
training protocol including strength training activities for
lower and upper body and cycling (correlation coefficient
0.79) [34]. Any recorded day with more than 2.5 h of con-
stant activity with low MET values (<1 MET [interpreted
as nonwear time]) during the 24-h timeframes was con-
sidered invalid.

Bedtime, wake-up time, and time in bed regularities

Time in bed was identified from Polar Active MET val-
ues using our in-laboratory-validated algorithm. The
algorithm identified all the potential sleep periods within
each 24-h timeframe of 18:00:00 to 17:59:30. The longest
sleep period was considered the TIB. The used algorithm
proved accurate when determining the sleep times of
a sample of young adults from a representative popula-
tion [37]. For the present study, we verified the method
through a visual assessment. Three researchers visually
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estimated bedtimes and wake-up times from accelerome-
try data from 150 randomly selected subjects [50 records
per researcher]. On average, visually estimated bedtimes
and wake-up times differed from the algorithm’s corre-
sponding times by less than 16 min.

Sleep regularity was quantified from accelerometry
data by the seven-day standard deviations of bedtime,
wake-up time, and time in bed (TIB). Participants pro-
viding seven consecutive days’ worth of valid accelerom-
etry data were included in this study (N=3698) to better
estimate sleep behaviors on both workdays and days off
[38, 39].

Sedentary time and physical activity

Sedentary time and PA during waking hours were cal-
culated using the Polar Active accelerometry data for
each day. Daily means for sedentary time and total PA
were calculated for each participant. Sedentary time
[(min/day)] included all time with a recorded intensity of
between 1 and 1.99 METs. Total PA, including all activi-
ties with a recorded intensity of 2 METs or higher, was
calculated by multiplying each MET value by its dura-
tion (total PA [MET min/day]) [40, 41]. PA intensity level
thresholds were based on the thresholds used by the
manufacturer [42].

Cardiometabolic health markers

After fasting for 12 h overnight and abstaining from
smoking and drinking coffee, participants attended a
clinical examination. Trained nurses measured the par-
ticipants’ heights, weights, and waist circumferences
(WC), and the participants’ body mass indexes [BMI
(kg/m?)] were calculated. After a period of restful sit-
ting (at least 10 min), blood pressure (BP) was measured
using the upper area of each participant’s right arm using
an Omron MI10-IT automatic blood pressure monitor
(Omron M3, Omron Healthcare Europe BV, Nether-
lands). The blood pressure [systolic blood pressure (SBP)
and diastolic blood pressure (DBP)] represented the
mean of the three consecutive readings. Plasma glucose,
serum insulin, total cholesterol, high-density lipoprotein
(HDL) cholesterol, low-density lipoprotein (LDL) choles-
terol, and triglyceride levels were analyzed using fasting
blood samples [43, 44]. Participants who had not previ-
ously been diagnosed with either type 1 or type 2 diabe-
tes were also asked to undergo an oral glucose tolerance
test during which the plasma insulin and glucose levels
were measured at 75 g. Two-hour post load plasma insu-
lin and glucose levels were obtained from the results of
the oral glucose tolerance test. Body fat (%), fat mass
(kg), and visceral fat area (cm?) were estimated using bio-
impedance measurements (InBody720, InBody, Seoul,
Korea).
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Covariates

Based on the question of work schedule, the participants
were divided into three groups: day work, shift work,
and not working/no information available. We used the
shortened  morningness—eveningness  questionnaire
(MEQ) to determine the participants’ chronotypes and
classified participants into morning-type, day-type, and
evening-type individuals [41, 45]. Scores on the short-
ened MEQ range from 5 to 27, and the sum score is
grouped into three chronotypes: 5-12 as evening-type,
13-18 as day-type, and 19-27 as morning-type [46]. Par-
ticipants self-reported their smoking status (non-smoker
or former smoker, current smoker), alcohol consumption
(g/day), education level, and marital status. Information
concerning the participants’ current use of medication
for hypertension, diabetes, hyperlipidemia, and central
nervous system-related issues (e.g., antipsychotics) was
gathered from the questionnaires. Heavy alcohol drink-
ers were defined according to the alcohol consumption
instructions of the Finnish Institute for Health and Wel-
fare, which sets the level for men at>40 g/day and the
level for women at>20 g/day [47].

Statistical analyses
Bedtime, wake-up time, and TIB schedule regularities
were recoded to four equally sized groups and labeled

& | Bedtime
X | Bedtime,

Time inbed |ozumm
Day1l . .
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as quartiles [one to four (Q1-Q4)] and characteristics of
the participants (the distributions of sociodemographic
factors, lifestyle factors, sleep-related factors, and car-
diometabolic health markers) were calculated for each
quartile. Figure 1 illustrates four examples of various
sleep—wake -rhythm based on the quartiles (Q1-Q4) of
bedtime, wake-up time, and TIB regularities showing the
increasing standard deviations (increasing irregularities)
of bedtime, wake-up time, and time in bed from quartile
1 to quartile 4. For example, the four quartiles for bed-
time regularity were a seven-day standard deviation of
bedtime of <00:39:52 (Q1), a seven-day standard devia-
tion of bedtime of between 00:39:53 and 00:58:50 (Q2),
a seven-day standard deviation of bedtime of between
00:58:51 and 01:29:20 (Q3), and a seven-day standard
deviation of bedtime of>01:29:21 (Q4). The statisti-
cal significance of the group differences was analyzed
using chi-square tests for normally distributed data and
Kruskal-Wallis tests for skewed data with Tukey’s pair-
wise comparisons. The Bonferroni post-hoc comparison
was applied to compare the quartiles. Sensitivity analysis
was performed to determine whether results remained
stable when all participants who reported any shift work
were omitted from analyses.

Multivariate linear regression analysis was conducted
to analyze the associations between bedtime, wake-up

Wake-yp time A S
v, 77 Br A -

Q4 Day2 ———
Day3
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Fig. 1 Sleep regularity quartiles showing the increasing standard deviations (increasing irregularities) of bedtime, wake-up time, and time in bed
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time, and TIB regularities and cardiometabolic health
markers. There is evidence to suggest that some of the
variables describing sleep rhythmicity and duration
may have U-shaped relationship with markers of car-
diometabolic health. For example, although irregular
sleep rhythm has been linked to health problems [15],
extremely regular sleep rhythm is not recommended
in clinical sleep treatments because of stress manage-
ment [48, 49]. Accordingly, we examined U-shaped
associations between bedtime regularity, wake-up time
regularity, or TIB regularity and cardiometabolic health
markers, and stratified the analysis when there was evi-
dence for a U-shaped relationship. To examine the
U-shaped relationship, the variable and quadratic of the
variable were added to the regression model, and the
significance of the quadratic variable was checked. If
evidence for a U-shaped relationship between bedtime
regularity, wake-up time regularity, or TIB regularity
and cardiometabolic health markers was observed (i.e., a
quadratic component remained significant), the analysis
for that outcome was stratified using 1 h as the cut point
(<01:00:00 and >01:00:00). The cut point was defined as
approximately 1 standard deviation difference from the
average of bedtime, wake-up time or TIB regularity. Scat-
terplots with a quadratic curve between cardiometabolic
health markers and exposures are available in Additional
file (Additional file 1). Based on previous literature, we
tested the associations with three incremental models.
Model 1 was adjusted for gender, education, marital sta-
tus, work schedule, smoking status, alcohol risk use, time
in bed, chronotype and medication use (blood pressure/
diabetes/lipids/medication affecting the central nerv-
ous system). Moreover, Model 1 was further adjusted for
sedentary time (Model 2A), or physical activity (Model
2B). Bedtime, wake-up time and TIB regularity vari-
ables and cardiometabolic health markers underwent
a process of log transformation before inclusion in the
regression analyses to fulfill normality assumption. Lin-
ear regression models met all assumptions: we checked
homoscedasticity from the scatterplots of residuals; mul-
ticollinearity using VIF (variance inflation factor) values
with a score of below 10 indicating that the assumption is
met; and normality of the residuals was checked from the
normal probability plot. Statistical significance was set at
p<0.05. All analysis was performed using IBM SPSS Sta-
tistics (Version 25.0, IBM Corporation).

Results

The average bedtime of the 3,698 participants over seven
consecutive nights (N=25,886 nights) was 23:21:43
(SD=01:50:33), and the average wake-up time was
07:17:13 (SD=01:49:06). More than half of the study
population was women (men 39%; women 61%). There
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were more morning-type individuals (41%) than evening-
type individuals (6%), but most of the study participants
were day-type individuals (53%). On average, time in bed
(TIB) was 07:56:31 (SD=01:42:40). Participants in Q1
were the most regular sleepers, while participants in Q4
were the most irregular sleepers. Tables 1, 2, and 3 pro-
vide all the descriptive characteristics of the study popu-
lation across the quartiles (Q1-Q4) of bedtime, wake-up
time, and TIB regularities. The characteristics of the 3698
middle-aged birth cohort participants according to mid-
point of sleep regularity are presented in Additional file
(Additional file 2: Table S1). In addition, a correlation
matrix to describe the correlations between the bedtime,
waketime, time in bed, and midpoint of sleep regularity
values is presented in Additional file (Additional file 3:
Table S2). Overall, there was significant positive cor-
relation among these variables ranging between 0.42
and 0.79, with highest correlation coefficient observed
between midpoint of sleep regularity and bedtime regu-
larity (0.79), followed by midpoint of sleep regularity and
bedtime regularity (0.78).

Analyses of differences between the quartiles showed
that there was a significant inverse association between
education and sleep—wake -rhythm regularity. The pro-
portion of day shift workers was highest among those
with the lowest bedtime, wake-up time, and TIB vari-
ability, while the proportion of shift workers was highest
among those with the highest bedtime, wake-up time,
and TIB variabilities. Smoking and heavy alcohol con-
sumption were significantly related to higher variabilities
in bedtime, wake-up time, and TIB (p<0.05). Total PA
was negatively associated with bedtime, wake-up time,
and TIB regularities. Participants with the lowest bed-
time, wake-up time, and TIB variabilities (Q1 in Tables 1,
2, and 3) had higher mean PA totals than participants
in all other quartiles (Q2—Q4; post hoc analyses [all
p <0.05]; Tables 1, 2, and 3).

There were significant differences in the studied car-
diometabolic health markers across the quartiles of bed-
time, wake-up time, and TIB regularities (Tables 1, 2, and
3). Body mass index was higher among the participants
with the highest variabilities in bedtime, wake-up time,
and TIB than the participants with the lowest variabilities
[post hoc analyses all (p<0.001)]. Body fat was positively
associated with wake-up time and TIB regularities but
not with bedtime regularity (p =0.203). The highest mean
visceral fat area (111.4 cm2, SD=45.4) was observed in
the participants with the highest wake-up time variability
(Q4 in Table 3), while the lowest mean visceral fat area
(98.8 cm?, SD=39.1) was remarked in the participants
with the lowest bedtime variability (Q1 in Table 1).

Following the exclusion of shift workers (n=609), the
results remained the same with a few exceptions. When
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Table 1 Characteristics of the 3698 middle-aged birth cohort partici

deviations of accelerometer-measured bedtime over seven days)
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ipants according to the quartiles of bedtime regularity (standard

Bedtime regularity (hh:mm:ss)

Q1 <00:39:52 Q2 00:39:53-00:58:50 Q3 00:58:51-01:29:20 Q4 >01:29:21 p-value

n (total =3698) 925 924 925 924
Factors related to sleep and time in bed
Bedtime (hh:mm) 23:02 (00:53) 23:08 (00:58) 23:17 (01:09) 23:57 (01:34) <0.001
Wake-up time (hh:mm) 07:01 (00:59) 07:12 (01:01) 07:17 (01:07) 07:39 (01:25) <0.001
Time in bed (hh:mm) 07:59 (00:51) 08:04 (00:50) 08:00 (01:00) 07:42 (01:09) <0.001
Chronotype (n [%]) <0.001
Morning-type 399 (44.9) 356 (40.5) 353 (40.4) 357 (41.3) >0.05
Day-type 453 (51) 486 (55.4) 471 (53.9) 432 (49.9) >0.05
Evening-type 36 (4.1) 36 (4.1) 50(5.7) 76 (8.8) <0.05
Work schedule (n [%)) <0.001
Day work 658 (71.1) 646 (69.9) 626 (67.7) 497 (53.8) <0.05
Shift work 108 (11.7) 129 (14.0) 137 (14.8) 235(25.4) <0.05
Not working/no information available 159 (17.2) 149 (16.1) 162 (17.5) 192 (20.8) >0.05
Sociodemographic and lifestyle factors
Men (n [%]) 316 (34.2) 319 (34.6) 374 (40.6) 440 (47.7) <0.001
High education (n [%)]) 280 (31.8) 266 (30.9) 255(29.8) 96 (23.0) <0.001
Current smoker (n [%]) 93 (10.4) 125(14.1) 170(19.5) 232 (26.7) <0.001
Heavy alcohol drinkers* (n [%]) 42 (4.5) 60 (6.5) 68 (74) 04 (11.3) <0.001
Total PA (MET min/day) 1159.2 (362.2) 1094.4 (300.3) 1054.9 (331.0) 10389 (333.5) <0.001
Sedentary time (min) 566.5 (93.8) 571.0(85.7) 581.9(87.7) 5886 (89.7) <0.001
Cardiometabolic health markers
WC (cm) 88.3(12.6) 89.7 (13.2) 91.5(13.7) 934 (13.9) <0.001
Men 95.1 (10.6) 96.0(11.6) 97.5(126) 986 (12.7) 0.006
Women 84.8(12.2) 86.3(12.8) 874 (13.0) 88.6(13.3) <0.001
BMI (kg/m?) 260 (4.7) 264 (4.8) 27.0(5) 27.2(5) <0.001
SBP (mmHg) 123.8(15.7) 124.1 (15.3) 124.8 (15.3) 126.3(16.2) 0.044
DBP (mmHg) 83.5(10.3) 83.7(10.9) 84.6(10.1) 85.6(10.7) 0.001
Body fat (%) 286 (9.0) 29.2(9.2) 29.6 (9.5) 29.2 (9.6) 0.203
Fat mass (kg) 21.7(9.9) 22.7(10.7) 23.8(11.3) 239(11.3) <0.001
Visceral fat area (cm?) 98.8 (39.1) 102.6 (40.9) 107.7 (43.2) 108.7 (42.9) <0.001
Fasting insulin (pmol/L) 8.98 (6.08) 9.38(9.13) 9.62 (6.5) 1045 (9.94) 0.002
2-h insulin (pmol/L) 5845 (61.78) 58.62 (50.51) 61.66 (60.51) 64.77 (62.21) 0.103
Fasting glucose (mmol/L) 5.39(0.65) 542 (0.65) 5.51(0.8) 5.58(0.88) <0.001
2-h glucose (mmol/L) 5.79 (1.58) 5.68(1.56) 5.89 (1.64) 6.00 (1.86) 0.001
Triglycerides (mmol/L) 1(0.6) 1.16 (0.65) 1.26 (0.7) 1.32(0.83) <0.001
Total HDL cholesterol ratio 348 (0.98) 3.52(1) 3.63(1.04) 3.69 (1.06) <0.001
LDL/HDL cholesterol ratio 2.26 (0.89) 2.30(0.91) 240 (0.94) 244 (0.96) <0.001

Quartiles were defined by three cut points that divided the participants into four equally sized groups based on the standard deviations of bedtimes over seven days.

Values are mean (standard deviation) unless otherwise stated. Numbers do not match

owing to missing values

PA physical activity; SBP systolic blood pressure; DBP diastolic blood pressure; BMI body mass index; and WC waist circumference

" Heavy alcohol drinkers: men > 40 g/day; women > 20 g/day

shift workers were excluded, there were significant dif-
ferences in the mean values of fasting insulin between
wake-up time quartiles (p=0.034) and the mean values
of 2-h insulin between bedtime quartiles (p=0.047).

The differences in the mean values of SBP across wake-
up time regularity quartiles were no longer significant
when shift workers were excluded from the analysis
(p=0.088). The mean values of 2-h insulin, total HDL



Nauha et al. Journal of Activity, Sedentary and Sleep Behaviors (2024) 3:2 Page 7 of 16

Table 2 Characteristics of the 3,698 middle-aged birth cohort participants according to the quartiles of time in bed regularity
(standard deviations of accelerometer-measured time in bed over seven days)

Time in bed regularity (hh:mm:ss)

Q1 <0:54:55 Q2 0:54:56-1:16:12 Q3 1:16:13-1:43:17 Q4 >01:43:18 p-value

n (total=3698) 925 924 925 924
Factors related to sleep and time in bed
Bedtime (hh:mm) 23:10(1:02) 23:13(1:01) 23:20 (1:09) 23:40 (1:34) <0.001
Wake-up time (hh:mm) 7:07 (1:01) 7:11(1:02) 7:17 (1:05) 7:34(1:25) <0.001
Time in bed (hh:mm) 7:56 (0:50) 7:58 (0:54) 7:58 (0:59) 7:54 (1:10) 0.198
Chronotype (n [%]) <0.001
Morning-type 409 (46) 390 (44.7) 335(38.2) 331(38.3) <0.05
Day-type 444 (49.9) 452 (58) 497 (56.7) 449 (51.9) <0.05
Evening-type 37 (4.2) 31(3.6) 45 (5.1) 85 (9.8) <0.05
Work schedule (n [%)) <0.001
Day work 698 (75.5) 650 (70.3) 591 (52.8) 488 (52.8) <0.05
Shift work 89 (9.6) 119(12.9) 156 (16.9) 245 (26.5) <0.05
Not working/no information available 138 (14.9) 155 (16.8) 178 (19.2) 191 (20.7) <0.05
Sociodemographic and lifestyle factors
Men (n [%]) 343 (37.2) 364 (39.6) 331(35.8) 411 (44.6) 0.001
High education (n [%]) 286 (32.6) 257 (30.3) 242 (28.0) 212 (24.7) 0.002
Current smoker (n [%]) 125 (14) 131 (15) 163 (18.5) 201 (23.1) <0.001
Heavy alcohol drinkers* (n [%]) 55 (5.9) 56 (6.1) 67 (7.2) 96 (104 0.001
Total PA (MET min/day) 11534 (353.3) 1097.5 (327.0) 1081.0 (315.5) 1015.5 (923.0) <0.001
Sedentary time (min) 571.7 (90.7) 5789 (88.7) 575.5(87.6) 582.0(91.3) 0.131
Cardiometabolic health markers
WC (cm) 89.2(12.9) 90.0 (13.3) 91.0(13.8) 92.6(13.8) <0.001
Men 95.0(114) 95.8(11.4) 98.0(12,6) 98.1(12.5) 0.058
Women 85,2 (12.1) 86.2 (13.1) 87.2(12.9) 88.2(13.3) <0.001
BMI (kg/m?) 26 (4.7) 264 (4.8) 27 (5) 27.2(5) <0.001
SBP (mmHg) 123.2(15.7) 125.2(15.2) 125(15.6) 1256 (16.3) 0.010
DBP (mmHg) 83(10.5) 84.3(10.2) 84.8(104) 85.2(10.9) <0.001
Body fat (%) 284 (9.0) 28.8(9.4) 29.96 (9.3) 29.4(9.5) 0.003
Fat mass (kg) 22.0(10.0) 22.6(10.8) 23.8(11.3) 23.8(11.2) 0.001
Visceral fat area (cm?) 100.0 (40.1) 102.4 (40.4) 107.2 (43.2) 108.2 (42.7) <0.001
Fasting insulin (pmol/L) 9.15 (6.56) 9.04 (5.91) 9.96 (10.4) 10.26 (8. 68) 0.007
2-h insulin (pmol/L) 57.07 (53.03) 58.06 (55.33) 63.93 (66.29) 64.32 (60 0.027
Fasting glucose (mmol/L) 5.43(0.7) 546 (0.8) 549 (0.84) 5.52(0. 64) 0.003
2-h glucose (mmol/L) 5.76 (1.64) 5.74(1.63) 5.88(1.58) 5.96 (1.8) 0.019
Triglycerides (mmol/L) 4(0.69) 1.16(0.7) 1.25(0.9) 1.28(0.81) <0.001
Total HDL cholesterol ratio 3.51(0.98) 3.57(1.06) 3.64 (1.02) 3.61(1.03) 0.036
LDL/HDL cholesterol ratio 2.29(0.9) 2.34(0.96) 241 (0.93) 2.37(0.92) 0.033

Quartiles were defined by three cut points that divided the participants into four equally sized groups based on the standard deviations of time in bed over seven
days. Values are mean (standard deviation) unless otherwise stated. Numbers do not match owing to missing values

PA physical activity; SBP systolic blood pressure; DBP diastolic blood pressure; BMI body mass index; and WC waist circumference
" Heavy alcohol drinkers: men > 40 g/day; women > 20 g/day

cholesterol ratio, and LDL/HDL cholesterol ratio were In the unadjusted linear regression analyses, except-
not significant following the exclusion of shift workers ing SBP, which was not associated with wake-up time
across the TIB regularity quartiles. variability (p=0.140), all cardiometabolic health
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Table 3 Characteristics of the 3,698 middle-aged birth cohort participants according to the quartiles of wake-up time regularity
(standard deviations of accelerometer-measured wake-up time over seven days)

Wake-up time regularity (hh:mm:ss)

Q1 <0:49:45 Q2 0:49:46-1:12:21 Q3 1:12:22-1:40:21 Q4 >01:40:22 p-value

n (total =3698) 925 924 925 924
Factors related to sleep and time in bed
Bedtime (hh:mm) 22:59 (1:01) 23:10(1:03) 23:20(1:02) 23:53(1:32) <0.001
Wake-up time (hh:mm) 7:03 (1:03) 7:14 (1:00) 7:15 (1:05) 7:37 (1:25) <0.001
Time in bed (hh:mm) 8:04 (0:56) 8:04 (1:00) 7:55 (0:54) 7:43 (1:06) <0.001
Chronotype (n [%]) <0.001
Morning-type 449 (51) 383 (43.5) 343 (38.9) 290 (33.6) <0.05
Day-type 402 (45.7) 456 (51.8) 496 (56.3) 488 (56.5) <0.05
Evening-type 29(3.3) 41 (4.7) 42 (4.8) 86 (10) <0.05
Work schedule (n [%]) <0.001
Day work 655 (70.8) 649 (70.2) 643 (69.5) 480 (51.9) <0.05
Shift work 91 (9.8) 112 (12.1) 144 (15.6) 262 (28.4) <0.05
Not working/no information available 179 (19.4) 163 (17.6) 138 (14.9) 182 (19.7) <0.05
Sociodemographic and lifestyle factors
Men (n [%]) 373 (40.5) 329 (35.7) 368 (39.8) 379 (41.7) 0.078
High education (n [%]) 283 (32.6) 284 (33.0) 241 (27.7) 189 (22.1) <0.001
Current smoker (n [%]) 117(13.2) 114 (13.1) 156 (17.6) 233 (26.8) <0.001
Heavy alcohol drinkers* (n [%]) 55(5.9) 58(6.3) 65 (7.0) 96 (10.4) 0.001
Total PA (MET min/day) 1136.9 (366.0) 1072.7 (316.0) 1087.2(324.6) 1050.5 (327.9) <0.001
Sedentary time (min) 5654 (93.8) 577.8(82.3) 580.5(91.5) 584.4 (89.6) <0.001
Cardiometabolic health markers
WC (cm) 89.4(12.9) 89.8 (13.5) 904 (12.9) 93.2(14.4) <0.001
Men 95.0(11.8) 96.6 (11.5) 97.2(11.5) 1(13.0) 0.001
Women 85.6(12.2) 1(13.0 86.0(11.9) 89.0 (14.0) <0.001
BMI (kg/mz) 26.3 (4.8) 26.5(4.9) 26.5 (4.5) 274 (54) <0.001
SBP (mmHg) 123.8(15.7) 124.1 (15.3) 124.8 (15.3) 126.3(16.2) 0.002
DBP (mmHg) 83.5(10.3) 83.7(10.9) 84.6(10.1) 85.6(10.7) <0.001
Body fat (%) 283(9.2) 29.1(9.2) 29.0 (8.9) 30.2 (9.8) 0.001
Fat mass (kg) 22.0(10.2) 22.8(10.7) 22.7 (10.0) 24.7(12) <0.001
Visceral fat area (cm?) 100.4 (39.9) 1029 (41.4) 103.1(39.2) 1114 (45.4) <0.001
Fasting insulin (pmol/L) 9.15 (6.77) 9.35 (7.58) 9.59 (7.0) 10.3 (10.46) 0.055
2-h insulin (pmol/L) 56.46 (55.89) 5827 (52.34) 62.28 (65.2) 66.24 (60.95) 0.001
Fasting glucose (mmol/L) 542 (0.62) 548 (0.97) 548 (0.74) 552(061) 0.003
2-h glucose (mmol/L) 5.74(1.62) 5.74(1.6) 5.85 (1.68) 6.02 (1.75) 0.003
Triglycerides (mmol/L) 1.15 (0.65) 1.18(0.72) 1.2 (0.85) 1.31(0.87) <0.001
Total HDL cholesterol ratio 3.58 (1.03) 3.53(1.01) 3.56 (0.97) 3.65(1.08) 0.152
LDL/HDL cholesterol ratio 2.35(0.94) 2.31(091) 2.35(0.9) 24(0.97) 0.247

Quartiles were defined by three cut points that divided the participants into four equally sized groups based on the standard deviations of wake-up times over seven
days. Values are mean (standard deviation) unless otherwise stated. Numbers do not match owing to missing values

PA physical activity; SBP systolic blood pressure; DBP diastolic blood pressure; BMI body mass index; and WC waist circumference
" Heavy alcohol drinkers: men > 40 g/day; women > 20 g/day

markers were significantly and linearly associated with ~ multivariate linear regression analyses are presented in
bedtime, wake-up time and TIB regularity variables. Table 4, 5, and 6.

The health markers significantly associated with bed- Higher bedtime variability was associated with higher
time, wake-up time, and TIB regularities according to ~ WC after adjustment for sedentary time, sleep-related
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Table 4 Associations between cardiometabolic health markers and bedtime regularity at midlife in a population-based birth cohort
(N=3,698) according to multivariate linear regression analyses (Regression estimates for cardiometabolic health markers displaying a
U-shaped relationship with wake-up time regularity are presented separately, stratified by <01:00:00 and >01:00:00.)

Cardiometabolic health markers B [95% Cl] p-value

Markers displaying a linear relationship with bedtime regularity

WC (cm) Model 1 0.352[0.197.0.508] <0.001
Model 2A 0.294[0.136, 0.451] <0.001
Model 2B 0.199[0.042, 0.356] 0.013
BMI (kg/m?) Model 1 0.239[0.119.0.359] <0.001
Model 2A 0.194[0.072,0.316] 0.002
Model 2B 0.118 [~ 0.003, 0.239] 0.057
SBP (mmHg) Model 1 0.133 [~ 0.037.0.304] 0.124
Model 2A 0.135 [~ 0.035, 0.305] 0121
Model 2B 0.106 [-0.063,0.274] 0219
DBP (mmHg) Model 1 0.189 [0.025. 0.354] 0.024
Model 2A 0.159 [~ 0.006, 0.324] 0.059
Model 2B 0.085 [-0.079, 0.248] 0312
Fasting insulin (mmol/L) Model 1 0.042 [0.006. 0.078] 0.022
Model 2A 0.028 [~ 0.008, 0.065] 0.128
Model 2B 0.005 [ 0.032,0.041] 0.796
2-h insulin (mmol/L) Model 1 0.038[0.009. 0.067] 0.010
Model 2A 0.024 [~ 0.005, 0.054] 0.108
Model 2B 0.001 [-0.029, 0.03] 0.960
Fasting glucose (mmol/L) Model 1 0.259[0.061.0.4571] 0.010
Model 2A 0.224[0.026, 0.422] 0.027
Model 2B 0.160 [- 0.037, 0.356] 0.112
2-h glucose (mmol/L) Model 1 0.088[0.005.0.171] 0.038
Model 2A 0.017 [~ 0.066, 0.1] 0.683
Model 2B 0.06 [-0.023,0.144] 0.158
Triglycerides (mmol/L) Model 1 0.072[0.027.0.116] 0.002
Model 2A 0.053[0.008, 0.099] 0.021
Model 2B 0.024 [- 0.021, 0.069] 0.298
Total HDL cholesterol ratio Model 1 0.073 [~ 0.007.0.153] 0.075
Model 2A 0.041 [~ 0.040, 0.122] 0325
Model 2B —0.002 [-0.083,0.078] 0.953
Markers displaying U-shaped relationship with bedtime regularity
LDL/HDL cholesterol ratio Model 1 —0.011 [~ 0.056.0.033] 0617
Bedtime regularity of <01:00:00 Model 2A —0.022 [~ 0.067,0.023] 0.344
Model 2B —0.033[-0.078,0.012] 0.154
LDL/HDL cholesterol ratio Model 1 0.004 [- 0.044. 0.052] 0.872
Bedtime regularity of >01:00:00 Model 2A —0.008 [~ 0.057,0.04] 0.733
Model 2B 0.003 [~ 0.045, 0.052] 0.897
Body fat (%) Model 1 0.068 [0.01.0.127] 0.023
Bedtime regularity of <01:00:00 Model 2A 0.054 [~ 0.006, 0.114] 0.076
Model 2B 0.027 [~ 0.034, 0.088] 0379
Body fat (%) Model 1 0.011 [~ 0.050.0.073] 0.719
Bedtime regularity of >01:00:00 Model 2A 0.007 [~ 0.057,0.071] 0.820
Model 2B —0.026 [~ 0.091,0.039] 0433
Fat mass (kg) Model 1 0.052[0.012.0.091] 0.010
Bedtime regularity of <01:00:00 Model 2A 0.044[0.004, 0.084] 0.033
Model 2B 0.03[-0.011,0.07] 0.149
Fat mass (kg) Model 1 0.002 [~ 0.04.0.043] 0.940
Bedtime regularity of >01:00:00 Model 2A 0[-0.043,0.043] 0.994
Model 2B —0.019 [~ 0.062,0.024] 0.376

Visceral fat area (cm?) Model 1 0.045 [0.005. 0.085] 0.029
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Table 4 (continued)

Cardiometabolic health markers B [95% Cl] p-value

Bedtime regularity of <01:00:00 Model 2A 0.037 [~ 0.003, 0.078] 0.071
Model 2B 0.022 [-0.019.0.063] 0.285

Visceral fat area (cm?) Model 1 —0.001 [~ 0.045.0.044] 0.981

Bedtime regularity of >01:00:00 Model 2A —0.002 [- 0.048, 0.044] 0.926
Model 2B —0.023 [~ 0.069, 0.023] 0.322

Model 1 was adjusted for gender, education, marital status, work schedule, smoking status, alcohol risk use, time in bed, chronotype and medication (blood pressure/
diabetes/lipids/medication affecting the central nervous system)

Model 2A: Model 1 further adjusted for sedentary time

Model 2B: Model 1 further adjusted for total physical activity

Significant results (p <0.05) are indicated in bold

Table 5 Associations between cardiometabolic health markers and wake-up time regularity at midlife in a population-based birth
cohort (N=3,698) according to multivariate linear regression analyses (Regression estimates for cardiometabolic health markers
displaying a U-shaped relationship with wake-up time regularity are presented separately, stratified by <01:00:00 and >01:00:00.)

Cardiometabolic health markers B [95% ClI] p-value
Markers displaying a linear relationship wake— up time regularity
BMI (kg/m?) Model 1 0.143[0.032. 0.254] 0.012
Model 2A 0.102[-0.011,0.215] 0.076
Model 2B 0.047 [- 0.065, 0.160] 0.41
SBP (mmHg) Model 1 0.090 [~ 0.067. 0.248] 0.261
Model 2A 0.086 [~ 0.072,0.243] 0.286
Model 2B 0.064 [-0.092, 0.220] 0423
DBP (mmHg) Model 1 0.181[0.029. 0.333] 0.020
Model 2A 0.150 [- 0.002, 0.303] 0.054
Model 2B 0.097 [- 0.055, 0.249] 0213
Fasting insulin (mmol/L) Model 1 0.034[0.001.0.067]1 0.046
Model 2A 0.021 [-0.012.0.055] 0210
Model 2B 0.005 [~ 0.029.0.038] 0.787
2— h insulin (mmol/L) Model 1 0.049[0.023.0.076] <0.001
Model 2A 0.039[0.012. 0.066] 0.005
Model 2B 0.022 [~ 0.005. 0.049] 0.114
2—h glucose (mmol/L) Model 1 0.129[0.053. 0.205] 0.001
Model 2A 0.107 [0.03. 0.184] 0.006
Model 2B 0.076 [- 0.001.0.153] 0.052
Triglycerides (mmol/L) Model 1 0.067 [0.025.0.108] 0.002
Model 2A 0.051[0.009. 0.093] 0.017
Model 2B 0.031 [-0.011.0.073] 0.152
Total/HDL cholesterol ratio Model 1 0.018 [- 0.056. 0.093] 0.627
Model 2A —0.011 [~ 0.086.0.064] 0.776
Model 2B —0.041[-0.116.0.034] 0.280
LDL/HDL cholesterol ratio Model 1 0.009 [~ 0.040. 0.059] 0.706
Model 2A —0.008 [~ 0.057.0.042] 0.756
Model 2B —0.026 [~ 0.075.0.023] 0.303
Body fat (%) Model 1 0.081[0.018.0.145] 0.012
Model 2A 0.049 [-0.017,0.114] 0.144
Model 2B —0.001 [~ 0.067, 0.066] 0.979
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Table 5 (continued)
Cardiometabolic health markers B [95% Cl] p-value
Markers displaying U— shaped relationship with wake— up time regularity
WC (cm) Model 1 0.129 [- 0.064.0.321] 0.19
Wake— up time regularity < 1:00:00 Model 2A —0.067 [-0.257,0.124] 0492
Model 2B —0.081[-0.272,0.109] 0.401
WC (cm) Model 1 0.214[0.015.0.413] 0.035
Wake— up time regularity > 1:00:00 Model 2A 0.120[0.019, 0.22] 0.019
Model 2B 0.08 [-0.021,0.181] 0.118
Fasting glucose (mmol/L) Model 1 0.213 [~ 0.036.0.463] 0.094
Wake— up time regularity of < 1:00:00 Model 2A 0.021 [~ 0.204, 0.247] 0.852
Model 2B 0[-0.225,0.226] 0.997
Fasting glucose (mmol/L) Model 1 0.080 [- 0.168.0.328] 0.525
Wake— up time regularity of > 1:00:00 Model 2A —0.011[-0.140,0.119] 0.872
Model 2B —0.035[-0.164, 0.094] 0.597
Fat mass (kg) Model 1 0.037 [~ 0.021.0.095] 0210
Wake— up time regularity of < 1:00:00 Model 2A —0.013[-0.069, 0.043] 0.649
Model 2B —0.023 [~ 0.08,0.033] 0415
Fat mass (kg) Model 1 0.048 [-0.012.0.107] 0.115
Wake— up time regularity of > 1:00:00 Model 2A 0.022 [- 0.008, 0.053] 0.153
Model 2B 0.009 [-0.022,0.039] 0.581
Visceral fat area (cm?) Model 1 0.029 [- 0.03.0.088] 0.335
Wake— up time regularity of < 1:00:00 Model 2A —0.021 [~ 0.077,0.035] 0.466
Model 2B —0.035 [-0.092, 0.022] 0.233
Visceral fat area (cm?) Model 1 0.043 [-0.021.0.106] 0.188
Wake— up time regularity of > 1:00:00 Model 2A 0.025 [-0.007, 0.057] 0.125
Model 2B 0.011 [-0.022,0.044] 0.507

Model 1 was adjusted for gender, education, marital status, work schedule, smoking status, alcohol risk use, time in bed, chronotype and medication (blood pressure/

diabetes/lipids/medication affecting the central nervous system)
Model 2A: Model 1 further adjusted for sedentary time

Model 2B: Model 1 further adjusted for total physical activity
Significant results (p <0.05) are indicated in bold

factors, and other potential confounders [Model 2A:
adjusted B 0.294, 95% CI (0.136, 0.451), p= <0.001]
and after adjustment for total PA and other potential
confounders (Model 2B: 0.199, 95% CI [0.042, 0.356],
p=0.013). After controlling for SED and other poten-
tial confounders (Model 2A), we observed a positive
linear association between TIB variability and WC
[0.196, 95% CI (0.071, 0.321), p=0.002] and between
wake-up time variability and WC in those with>1-h
wake-up time variability [0.120, 95% CI (0.019, 0.22),
p=0.019; Tables 5 and 6].

Following adjustment for SED and other potential con-
founders, higher bedtime and TIB variabilities were

associated with higher BMIs (bedtime regularity: p=0.002;
TIB regularity: p=0.006; Model 2A). Higher bedtime,
wake-up time, and TIB variabilities were associated with
higher triglyceride levels (bedtime regularity: adjusted B
0.053, 95% CI [0.008, 0.099], p=0.021; wake-up time regu-
larity: 0.051, 95% CI [0.009, 0.093], p=0.017; TIB regular-
ity: 0.049, 95% CI [0.013, 0.085], p=0.008). Higher bedtime
variability was associated with higher fasting glucose levels
(0.224, 95% CI [0.026, 0.422], p=0.027). Higher wake-up
time and TIB variabilities were associated with higher 2-h
insulin levels (p=0.005 for both). Higher TIB variability was
associated with higher fasting insulin and 2-h glucose levels
(Table 6).



Nauha et al. Journal of Activity, Sedentary and Sleep Behaviors (2024) 3:2 Page 12 of 16

Table 6 Associations between cardiometabolic health markers and time in bed (TIB) regularity at midlife in a population-based birth
cohort (N=3698) according to multivariate linear regression analyses

Cardiometabolic health markers B[95% Cl] p-value

Markers displaying a linear relationship time in bed regularity

WC (cm) Model 1 0.223[0.1. 0.346] <0.001
Model 2A 0.196 [0.071, 0.321] 0.002
Model 2B 0.111 [ 0.014,0.235] 0.082
BMI (kg/mz) Model 1 0.131[0.036. 0.226] 0.007
Model 2A 0.110[0.013, 0.207] 0.026
Model 2B 0.042 [~ 0.054, 0.138] 0394
SBP (mmHg) Model 1 0.107 [~ 0.028.0.242] 0.120
Model 2A 0.114 [-0.021,0.249] 0.099
Model 2B 0.090 [- 0.043, 0.224] 0.185
DBP (mmHg) Model 1 0.183[0.053.0.314] 0.006
Model 2A 0.175 [0.044, 0.306] 0.009
Model 2B 0.112[-0.018,0.242] 0.091
Fasting insulin (mmol/L) Model 1 0.039[0.011.0.068] 0.006
Model 2A 0.035 [0.006. 0.064] 0.017
Model 2B 0.014[-0.014.0.043] 0.328
2—hinsulin (mmol/L) Model 1 0.037[0.015. 0.06] 0.001
Model 2A 0.033 [0.01.0.056] 0.005
Model 2B 0.012 [~ 0.011.0.036] 0.295
Fasting glucose (mmol/L) Model 1 0.158[0.002. 0.315] 0.048
Model 2A 0.090 [- 0.065. 0.246] 0.255
Model 2B 0.147 [~ 0.01.0.304] 0.067
2—h glucose (mmol/L) Model 1 0.091 [0.025. 0.156] 0.007
Model 2A 0.080 [0.014. 0.146] 0.018
Model 2B 0.042 [-0.023.0.108] 0.206
Triglycerides (mmol/L) Model 1 0.057[0.022. 0.092] 0.002
Model 2A 0.049 [0.013. 0.085] 0.008
Model 2B 0.023 [~ 0.013.0.059] 0210
Total/HDL cholesterol ratio Model 1 0.046 [-0.018.0.109] 0.158
Model 2A 0.031 [~ 0.033.0.096] 0.341
Model 2B —0.008 [ 0.072.0.056] 0.800
LDL/HDL cholesterol ratio Model 1 0.030 [~ 0.012.0.072] 0.159
Model 2A 0.022 [~ 0.021.0.064] 0314
Model 2B —0.002 [-0.044.0.04] 0.938
Body fat (%) Model 1 0.080 [0.025. 0.134] 0.004
Model 2A 0.064 [0.008, 0.120] 0.026
Model 2B 0.004 [- 0.053, 0.060] 0.902
Fat mass (kg) Model 1 0.055[0.018.0.092] 0.003
Model 2A 0.046 [0.008, 0.083] 0.018
Model 2B 0.013 [~ 0.025,0.051] 0.496
Visceral fat area (cm?) Model 1 0.057[0.019. 0.095] 0.003
Model 2A 0.048[0.009, 0.0871] 0.017
Model 2B 0.014 [-0.023,0.053] 0497

Model 1 was adjusted for gender, education, marital status, work schedule, smoking status, alcohol risk use, time in bed, chronotype and medication (blood pressure/
diabetes/lipids/medication affecting the central nervous system)

Model 2A: Model 1 further adjusted for sedentary time
Model 2B: Model 1 further adjusted for total physical activity
Significant results (p < 0.05) are indicated in bold
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Discussion

This study is the first one to examine the associations
between device-estimated bedtime, wake-up time, and
time in bed regularities and cardiometabolic health
markers, including blood pressure level; abdominal adi-
posity level; and blood glucose, insulin, and cholesterol
levels among middle-aged people. Higher bedtime vari-
ability was associated with higher WC regardless of time
in bed, chronotype, and sedentary time or total PA. Even
after adjustment for time in bed, chronotype, and seden-
tary time, higher bedtime, wake-up time, and TIB vari-
abilities were associated with poorer glucose and insulin
regulation and higher triglyceride levels. However, when
we considered total PA rather than sedentary time in our
analyses, several cardiometabolic health markers were no
longer associated with sleep regularity.

Our study results support earlier findings that sleep
irregularity is a risk factor for poor cardiometabolic
health [17, 18, 50, 51]. In addition, our results align with
previous findings suggesting that physical activity sup-
ports cardiometabolic health [27]. Behind the association
between sleep and activity behaviors could be a virtu-
ous circle: A person who sleeps well is more energetic
and active during the day [52], and in turn, this person’s
daytime activity supports their improved sleep quality at
night [22, 26] and facilitates circadian alignment [24, 25].
Evidence has suggested that poor sleep quality increases
sedentary behavior [22, 52] and is associated with
reduced appetite control and unhealthy dietary habits
[22], which are risk factors for obesity. In addition, having
inconsistent bedtimes was associated with higher seden-
tary time in a population-based study [28]. In our study,
sedentary time did not appear to modify the associations
between bedtime, wake-up time, and TIB regularities
and cardiometabolic health markers in the same way that
physical activity did (Table 6).

The results of the present study suggest that physical
activity may have a beneficial impact on cardiometa-
bolic health, even though sleep rhythms may not con-
sistently support this notion. This phenomenon might
be attributed to the strong associations between physi-
cal activity and both physical and mental well-being.
For example, stress has been linked to the development
of cardiovascular diseases [53], but physical activity can
play a significant role in stress management [54]. Addi-
tionally, physical activity can enhance various physiologi-
cal functions and metabolism, such as increasing insulin
sensitivity [55]. Furthermore, physical activity contrib-
utes to achieving deeper and more restful sleep, making
it easier to fall asleep and reducing sleep latency, while
also potentially preventing nighttime awakenings [56,
57]. However, the timing of physical activity appears to
be relevant to cardiometabolic health [58], with evening
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physical activity potentially adversely influencing sleep
quality [59]. In the present study, it was observed that
participants with irregular bedtimes had higher WC than
participants with regular bedtimes, despite controlling
for total levels of physical activity, sedentary time, and
other potential confounders. These findings encourage
further investigation of the role of 24-h activity rhythm
for cardiometabolic health.

It has already been well established that morning light
exposure advances the circadian phase, but that evening
light exposure suppresses melatonin secretion, thereby
delaying the circadian phase [60]. In fact, consistent wake
time is a key part in insomnia treatment to support good
sleep [28, 49]. In addition to light exposure, rest—activity
rhythms and feeding schedules are important time cues
that synchronize the human circadian system with the
environment, regulate metabolic pathways, and, thus,
actively contribute to humans’ metabolic regulation sys-
tems [61]. In practice, always getting out of bed at the
same time could also support regular light exposure and
breakfast times. Similarly, when a person regularly goes
to bed at the same time, their eating window from break-
fast to evening snack is likely also regularly scheduled at
the same time within the 24-h timeframe. Evidence has
suggested that regular eating patterns are associated with
cardiometabolic health [62]. To conclude, regular sleep
rhythm within the 24-h timeframe enables regular life-
style also while awake, including eating window or timing
of light exposure and physical activity, and thereby may
support cardiometabolic health as well.

The strength of this large-scale, population-based study
of sleep regularity and cardiometabolic health lies in its
focus on all three regularity variables, namely bedtime,
wake-up time, and time in bed regularities, and also
on daytime activity behaviors. Additionally, this study
focuses on the general population and represents all
economic and occupational sectors rather than limiting
itself to shift workers. This study considers a wide range
of cardiometabolic health markers, including blood pres-
sure level; abdominal adiposity level; and blood glucose,
insulin, and cholesterol levels. The study protocol was
the same for all participants, and the participants did not
receive any feedback from the activity monitors. We used
device-based measurements of one week’s bedtime regu-
larity, wake-up time regularity, TIB regularity, total PA,
and sedentary time to potentially better estimate 24-h
activity behaviors (i.e., sleep [63], total PA, and sedentary
time [64]). Additionally, the device-based measurements
considered both weekend and weekday data, which were
not analyzed separately. Based on our knowledge, this is
the first study examining separately device-based wake-
up time regularity and bedtime and time in bed regulari-
ties among middle-age population.
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This study also has some limitations. The study sam-
ple was homogenous regarding age and ethnicity. The
methodological limitations of accelerometer-estimated
sleep schedules should be acknowledged. Although
accelerometry data gathered over one week have been
widely used in sleep regularity studies, a longer data
period would better represent daily sleep patterns
[65]. Additionally, despite the upward trend in cardio-
metabolic health markers, the participants were rather
healthy. Therefore, the clinical significance of the results
requires further study. Also, the statistical limitations of
having a large number of analyses should be acknowl-
edged. Because this study used a cross-sectional design,
the causality of the associations with cardiometabolic
health markers could not be determined. We considered
a comprehensive set of potential confounders that have
been highlighted in previous literature, such as chrono-
type, time in bed, and work schedule. Still, information
about diet, eating schedules, and energy intake were not
available [61, 66, 67]. Therefore, we were unable to con-
sider participants’ dietary habits, fasting schedules, and
energy intake, which have been previously established
as factors associated with cardiometabolic and circadian
health.

In conclusion, this population-based study of middle-
aged adults revealed consistent positive associations
between bedtime, wake-up time, and time in bed irreg-
ularities and cardiometabolic health markers following
adjustment for sedentary time and other potential risk
factors such as chronotype, time in bed, work schedule.
However, these positive associations turned non-signif-
icance after adjustments for physical activity and other
potential risk factors. The findings suggest that daytime
physical activity can be one facilitating factor in main-
taining cardiometabolic health in an irregular sleep
rhythm. In addition, the role of 24-h activity rhythm in
cardiometabolic health warrant further investigation.

Abbreviations

TIB Time in bed

PA Physical activity

SBP  Systolic blood pressure
DBP  Diastolic blood pressure
BMI Body mass index

WC  Waist circumference

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/544167-023-00040-6.

Additional file 1. Satterplots with a quadratic curve between cardio-
metabolic health markers which showed to have U-shaped relationship
between 7-day SD of bedtime and 7-day SD of wake-up time in data from
3,698 middle-aged birth cohort participants.

(2024) 3:2

Page 14 of 16

Additional file 2: Table S1. Characteristics of the 3698 middle-aged birth
cohort participants according to quartiles of midpoint of sleep regularity
(SD of accelerometer-measured midpoint of sleep across seven days).

Additional file 3: Table S2. Pearson correlation coefficient (PCC) values
for bedtime, wake-up time, and time in bed regularity values for totally
25,886 nights from 3698 participants from a population-based birth
cohort.

Acknowledgements

We thank all cohort members and researchers who participated in the 46-year
follow-up study. We also wish to acknowledge the work of the NFBC project
center.

Author contributions

LN, VF, HJ, TJ, MN, MK, LAM, and RK participated in the literature search; LN, VF,

TJ, MK, and RK designed the study; LN, VF, HJ, TJ, MN, MK, and RK collected the
data; LN performed the data analysis; LN, VF, HJ, TJ, MN, MK, LAM, and RK inter-
preted the data; and LN, VF, HJ, TJ, MN, MK, LAM, and RK wrote this manuscript.
All the authors read and approved the final manuscript.

Funding

The NFBC1966 received financial support from the University of Oulu

Grant No. 24000692, the University of Oulu Hospital Grant No. 24301140,

and the ERDF European Regional Development Fund Grant No.

539/2010 A31592. The study was financially supported by the Ministry

of Education and Culture, Finland (grant numbers OKM/86/626/2014,
OKM/43/626/2015, OKM/17/626/2016, OKM/54/626/2019, OKM/85/626/2019,
OKM/1096/626/2020, OKM/20/626/2022, and OKM/76/626/2022).

Availability of data and materials

NFBC data is available from the University of Oulu, Infrastructure for Popula-
tion Studies. Permission to use the data can be applied for research purposes
via an electronic material request portal. In the use of data, we follow the EU
general data protection regulation (679/2016) and Finnish Data Protection
Act. The use of personal data is based on cohort participant’s written informed
consent at his/her latest follow-up study, which may cause limitations to its
use. Please, contact NFBC project center (NFBCprojectcenter (at) oulu.fi) and
visit the cohort website for more information.

Declarations

Ethics approval and consent to participate

The 46-year follow-up study was approved by the Ethical Committee of the
Northern Ostrobothnia Hospital District in Oulu, Finland (94/2011). The partici-
pants and their parents provided written consent for the 1966 study.

Consent for publication
The study was registered in the process of Northern Finland Birth Cohort in
2015. Consent for publication was given 02/2023.

Competing interests

VF is a member of the Journal of Activity, Sedentary, and Sleep Behaviors.
The paper was handled by the other Editor and has undergone rigorous peer
review process. Author VF was not involved in the journal’s peer review of or
decisions related to this manuscript.

Author details

'Research Unit of Population Health, University of Oulu, 5000, 90014 Oulu,
Finland. ?Research Unit of Health Sciences and Technology, University

of Oulu, 5000, 90014 Ouly, Finland. *Institute for Sport and Sport Science, TU
Dortmund University, Dortmund, Germany. “Northern Ostrobothnia Hospital
District, Kajaanintie 50, 90220 Oulu, Finland. *Medical Research Center,

Oulu University Hospital and University of Oulu, 5000, 90014 Oulu, Finland.
Sinfrastructure for Population Studies, Northern Finland Birth Cohorts, Faculty
of Medicine, University of Oulu, 5000, 90014 Oulu, Finland. Department

of Sports and Exercise Medicine, Oulu Deaconess Institute Foundation Sr, 365,
90100 Ouluy, Finland.


https://doi.org/10.1186/s44167-023-00040-6
https://doi.org/10.1186/s44167-023-00040-6

Nauha et al. Journal of Activity, Sedentary and Sleep Behaviors

Received: 18 August 2023 Accepted: 9 November 2023
Published online: 05 January 2024

References

1.

Cappuccio FP, Miller MA. Sleep and cardio-metabolic disease. Curr Cardiol
Rep. 2017;19(11):110. https://doi.org/10.1007/511886-017-0916-0.
Knutson KL. Sleep duration and cardiometabolic risk: a review of the epi-
demiologic evidence. Best Pract Res Endocrinol Metab. 2010;24(5):731-
43. https://doi.org/10.1016/jbeem.2010.07.001.

Rosique-Esteban N, Papandreou C, Romaguera D, Warnberg J, Corella D,
Martinez-Gonzélez MA, et al. Cross-sectional associations of objectively-
measured sleep characteristics with obesity and type 2 diabetes in the
PREDIMED-plus trial. Sleep. 2018;41(12):zsy190. https://doi.org/10.1093/
sleep/zsy190.

Kim M, Sasai H, Kojima N, Kim H. Objectively measured night-to-night
sleep variations are associated with body composition in very elderly
women. J Sleep Res. 2015;24(6):639-47. https://doi.org/10.1111/jsr.12326.
Zisapel N. New perspectives on the role of melatonin in human sleep, cir-
cadian rhythms and their regulation. Br J Pharmacol. 2018;175(16):3190—
9. https://doi.org/10.1111/bph.14116.

Archer SN, Oster H. How sleep and wakefulness influence circadian
rhythmicity: effects of insufficient and mistimed sleep on the animal and
human transcriptome. J Sleep Res. 2015;24(5):476-93.

Borbély AA, Daan S, Wirz-Justice A, Deboer T. The two-process model of
sleep regulation: a reappraisal. J Sleep Res. 2016,25(2):131-43. https://doi.
org/10.1111/jsr.12371.

Roenneberg T, Kuehnle T, Juda M, Kantermann T, Allebrandt K, Gordijn

M, et al. Epidemiology of the human circadian clock. Sleep Med Rev.
2007;11(6):429-38. https://doi.org/10.1016/j.smrv.2007.07.005.

Baldanzi G, Hammar U, Fall T, Lindberg E, Lind L, EImstahl S, et al. Even-
ing chronotype is associated with elevated biomarkers of cardio-
metabolic risk in the EpiHealth cohort: a cross-sectional study. Sleep.
2022;45(2):zsab226. https://doi.org/10.1093/sleep/zsab226.

Reutrakul S, Knutson KL. Consequences of circadian disruption on cardio-
metabolic health. Sleep Med Clin. 2015;10(4):455-68.

Ansu Baidoo V, Knutson KL. Associations between circadian disruption
and cardiometabolic disease risk: a review. Obesity. 2023;31(3):615-24.
https://doi.org/10.1002/0by.23666.

Windred DP, Burns AC, Lane JM, Saxena R, Rutter MK, Cain SW, et al. Sleep
regularity is a stronger predictor of mortality risk than sleep duration: a
prospective cohort study. Sleep. 2023. https://doi.org/10.1093/sleep/
zsad253.

Chung J, Goodman MO, Huang T, Castro-Diehl C, Chen JT, Sofer T, et al.
Objectively regular sleep patterns and mortality in a prospective cohort:
the multi-ethnic study of atherosclerosis. J Sleep Res. 2023. https://doi.
org/10.1111/jsr.14048.

Full KM, Huang T, Shah NA, Allison MA, Michos ED, Duprez DA, et al. Sleep
irregularity and subclinical markers of cardiovascular disease: the multi-
ethnic study of atherosclerosis. J Am Heart Assoc. 2023;12(4): e027361.
https://doi.org/10.1161/JAHA.122.027361.

Chaput J-P, Dutil C, Featherstone R, Ross R, Giangregorio L, Saunders TJ,
et al. Sleep timing, sleep consistency, and health in adults: a systematic
review. Appl Physiol Nutr Metab. 2020;45(10(Suppl. 2)):5232-47. https://
doi.org/10.1139/apnm-2020-0032.

Jones SE, Lane JM, Wood AR, van Hees VT, Tyrrell J, Beaumont RN, et al.
Genome-wide association analyses of chronotype in 697,828 individuals
provides insights into circadian rhythms. Nat Commun. 2019;10(1):343.
https://doi.org/10.1038/541467-018-08259-7.

Huang T, Redline S. Cross-sectional and prospective associations of
actigraphy-assessed sleep regularity with metabolic abnormalities: the
multi-ethnic study of atherosclerosis. Diabetes Care. 2019;42(8):1422-9.
https://doi.org/10.2337/dc19-0596.

Huang T, Mariani S, Redline S. Sleep irregularity and risk of cardiovascu-
lar events: the multi-ethnic study of atherosclerosis. J Am Coll Cardiol.
2020;75(9):991-9. https://doi.org/10.1016/jjacc.2019.12.054.

Chastin SFM, Palarea-Albaladejo J, Dontje ML, Skelton DA. Combined
effects of time spent in physical activity, sedentary behaviors and sleep
on obesity and cardio-metabolic health markers: a novel compositional

(2024) 3:2

20.

AR

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

Page 150f 16

data analysis approach. PLoS ONE. 2015;10(10): e0139984. https://doi.org/
10.1371/journal.pone.0139984.

Grgic J, Dumuid D, Bengoechea EG, Shrestha N, Bauman A, Olds T,

et al. Health outcomes associated with reallocations of time between
sleep, sedentary behaviour, and physical activity: a systematic scoping
review of isotemporal substitution studies. Int J Behav Nutr Phys Act.
2018;15(1):63-9.

FarrahiV, Kangas M, Walmsley R, Niemela M, Kiviniemi A, Puukka K; et al.
Compositional associations of sleep and activities within the 24-h cycle
with cardiometabolic health markers in adults. Med Sci Sport Exerc. 2021.
https://doi.org/10.1249/MSS.0000000000002481.

Sejbuk M, Miroriczuk-Chodakowska I, Witkowska AM. Sleep quality: a nar-
rative review on nutrition, stimulants, and physical activity as important
factors. Nutrients. 2022. https://doi.org/10.3390/nu14091912.

Duncan MJ, Murphy L, Oftedal S, Fenwick MJ, Vincent GE, Fenton S.The
associations between physical activity, sedentary behaviour, and sleep
with mortality and incident cardiovascular disease, cancer, diabetes
and mental health in adults: a systematic review and meta-analysis of
prospective cohort studies. J Act Sedentary Sleep Behav. 2023;2(1):19.
https://doi.org/10.1186/544167-023-00026-4.

Weinert D, Gubin D. The impact of physical activity on the circadian
system: benefits for health performance and wellbeing. Appl Sci. 2022.
https://doi.org/10.3390/app12189220.

Buxton OM, L'Hermite-Balériaux M, Hirschfeld U, Van Cauter E. Acute
and delayed effects of exercise on human melatonin secretion. J Biol
Rhythms. 1997;12(6):568-74. https://doi.org/10.1177/0748730497
01200611.

Tsunoda K, Kitano N, Kai Y, Uchida K, Kuchiki T, Okura T, et al. Prospec-
tive study of physical activity and sleep in middle-aged and older
adults. Am J Prev Med. 2015;48(6):662-73. https://doi.org/10.1016/j.
amepre.2014.12.006.

DiPietro L, Buchner DM, Marquez DX, Pate RR, Pescatello LS, Whitt-
Glover MC. New scientific basis for the 2018 U.S. Physical Activity
Guidelines. J Sport Heal Sci. 2019;8(3):197-200. https://doi.org/10.
1016/},jshs.2019.03.007.

Duncan MJ, Kline CE, Rebar AL, Vandelanotte C, Short CE. Greater
bed- and wake-time variability is associated with less healthy lifestyle
behaviors: a cross-sectional study. Z Gesundh Wiss. 2016;24(1):31-40.
https://doi.org/10.1007/510389-015-0693-4.

Fekedulegn D, Andrew ME, Shi M, Violanti JM, Knox S, Innes KE.
Actigraphy-based assessment of sleep parameters. Ann Work Expo
Heal. 2020;64(4):350-67. https://doi.org/10.1093/annweh/wxaa007.
Robbins R, Quan SF, Barger LK, Czeisler CA, Fray-Witzer M, Weaver MD,
et al. Self-reported sleep duration and timing: a methodological review
of event definitions, context, and timeframe of related questions.
Sleep Epidemiol. 2021;1: 100016. https://doi.org/10.1016/j.sleepe.2021.
100016.

Fischer D, Klerman EB, Phillips AJK. Measuring sleep regularity: theo-
retical properties and practical usage of existing metrics. Sleep. 2021.
https://doi.org/10.1093/sleep/zsab103.

Nordstrém T, Miettunen J, Auvinen J, Ala-Mursula L, Keindnen-
Kiukaanniemi S, Veijola J, et al. Cohort profile: 46 years of follow-up of
the Northern Finland birth cohort 1966 (NFBC1966). Int J Epidemiol.
2021;50(6):1786-1787j. https://doi.org/10.1093/ije/dyab109.
University of Oulu: Northern Finland Birth Cohort 1966. University of
Oulu. http://urn.fi/urn:nbn:fi:att:bc1e5408-980e-4a62-b899-43bec
3755243.

Kinnunen H, Hakkinen K, Schumann M, Karavirta L, Westerterp KR,
Kyréldinen H. Training-induced changes in daily energy expenditure:
Methodological evaluation using wrist-worn accelerometer, heart rate
monitor, and doubly labeled water technique. PLoS ONE. 2019;14(7):
€0219563. https://doi.org/10.1371/journal.pone.0219563.

Hautala A, Martinmaki K, Kiviniemi A, Kinnunen H, Virtanen P, Jaatinen
J, et al. Effects of habitual physical activity on response to endurance
training. J Sports Sci. 2012;30(6):563-9.

Leinonen AM, Ahola R, Kulmala J, Hakonen H, Véha-Ypya H, Herzig KH,
et al. Measuring physical activity in free-living conditions-comparison
of three accelerometry-based methods. Front Physiol. 2017,7:681.
Nauha L, FarrahiV, Jurvelin H, Jamsa T, Niemeld M, Kangas M,

et al. Comparison and agreement between device-estimated and


https://doi.org/10.1007/s11886-017-0916-0
https://doi.org/10.1016/j.beem.2010.07.001
https://doi.org/10.1093/sleep/zsy190
https://doi.org/10.1093/sleep/zsy190
https://doi.org/10.1111/jsr.12326
https://doi.org/10.1111/bph.14116
https://doi.org/10.1111/jsr.12371
https://doi.org/10.1111/jsr.12371
https://doi.org/10.1016/j.smrv.2007.07.005
https://doi.org/10.1093/sleep/zsab226
https://doi.org/10.1002/oby.23666
https://doi.org/10.1093/sleep/zsad253
https://doi.org/10.1093/sleep/zsad253
https://doi.org/10.1111/jsr.14048
https://doi.org/10.1111/jsr.14048
https://doi.org/10.1161/JAHA.122.027361
https://doi.org/10.1139/apnm-2020-0032
https://doi.org/10.1139/apnm-2020-0032
https://doi.org/10.1038/s41467-018-08259-7
https://doi.org/10.2337/dc19-0596
https://doi.org/10.1016/j.jacc.2019.12.054
https://doi.org/10.1371/journal.pone.0139984
https://doi.org/10.1371/journal.pone.0139984
https://doi.org/10.1249/MSS.0000000000002481
https://doi.org/10.3390/nu14091912
https://doi.org/10.1186/s44167-023-00026-4
https://doi.org/10.3390/app12189220
https://doi.org/10.1177/074873049701200611
https://doi.org/10.1177/074873049701200611
https://doi.org/10.1016/j.amepre.2014.12.006
https://doi.org/10.1016/j.amepre.2014.12.006
https://doi.org/10.1016/j.jshs.2019.03.007
https://doi.org/10.1016/j.jshs.2019.03.007
https://doi.org/10.1007/s10389-015-0693-4
https://doi.org/10.1093/annweh/wxaa007
https://doi.org/10.1016/j.sleepe.2021.100016
https://doi.org/10.1016/j.sleepe.2021.100016
https://doi.org/10.1093/sleep/zsab103
https://doi.org/10.1093/ije/dyab109
http://urn.fi/urn:nbn:fi:att:bc1e5408-980e-4a62-b899-43bec3755243
http://urn.fi/urn:nbn:fi:att:bc1e5408-980e-4a62-b899-43bec3755243
https://doi.org/10.1371/journal.pone.0219563

Nauha et al. Journal of Activity, Sedentary and Sleep Behaviors

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

self-reported sleep periods in adults. Ann Med. 2023;55(1):2191001.
https://doi.org/10.1080/07853890.2023.2191001.

de Borba DA, Reis RS, de Lima PHTM, Facundo LA, Narciso FV, Silva A,
et al. How many days are needed for a reliable assessment by the sleep
diary. Sleep Sci. 2020;13(1):49-53. https://doi.org/10.5935/1984-0063.
20190131.

da Silva SG, Evenson KR, Ekelund U, da Silva ICM, Domingues MR, da

Silva BGC, et al. How many days are needed to estimate wrist-worn
accelerometry-assessed physical activity during the second trimester in
pregnancy? PLoS ONE. 2019;14(6):e0211442-e0211442. https://doi.org/
10.1371/journal.pone.0211442.

Niemela MS, Kangas M, Ahola RJ, Auvinen JP, Leinonen AM, Tammelin TH,
et al. Dose-response relation of self-reported and accelerometer-meas-
ured physical activity to perceived health in middle age-the Northern
Finland Birth Cohort 1966 Study. BMC Public Health. 2019;19(1):21-8.
Nauha L, Jurvelin H, Ala-Mursula L, Niemeld M, Jamsa T, Kangas M, et al.
Chronotypes and objectively measured physical activity and sedentary
time at midlife. Scand J Med Sci Sports. 2020;30(10):1930-8. https://doi.
org/10.1111/sms.13753.

Jauho AM, Pyky R, Ahola R, Kangas M, Virtanen P, Korpelainen R, et al.
Effect of wrist-worn activity monitor feedback on physical activity behav-
jor: a randomized controlled trial in Finnish young men. Prev Med reports.
2015;2:628-34.

Kiviniemi AM, Perkiomaki N, Auvinen J, Niemela M, Tammelin T, Puukka K,
et al. Fitness, fatness, physical activity, and autonomic function in midlife.
Med Sci Sport Exerc. 2017;49(12):2459.

Millan J, Pint6 X, Mufioz A, Zafiga M, Rubiés-Prat J, Pallardo LF, et al.
Lipoprotein ratios: physiological significance and clinical usefulness in
cardiovascular prevention. Vasc Health Risk Manag. 2009;5:757-65.
Hatonen T, Forsblom S, Kieseppa T, Lonnqvist J, Partonen T. Circadian phe-
notype in patients with the co-morbid alcohol use and bipolar disorders.
Alcoho. 2008;43(5):564-8.

Merikanto |, Kronholm E, Peltonen M, Laatikainen T, Vartiainen E, Partonen
T. Circadian preference links to depression in general adult population. J
Affect Disord. 2015;188:143-8.

The Finnish Medical Society Duodecim. Alcohol abuse. https://www.
kaypahoito.fi/en/ccs00005. 2022. Accessed 31 Jan 2023.

Morin CM, Bootzin RR, Buysse DJ, Edinger JD, Espie CA, Lichstein KL.
Psychological and behavioral treatment of insomnia:update of the recent
evidence (1998-2004). Sleep. 2006;29(11):1398-414.

Irish LA, Kline CE, Gunn HE, Buysse DJ, Hall MH. The role of sleep hygiene
in promoting public health: a review of empirical evidence. Sleep Med
Rev. 2015;22:23-36.

Scott H, Lechat B, Guyett A, Reynolds AC, Lovato N, Naik G, et al. Sleep
irregularity is associated with hypertension: findings from over 2

million nights with a large global population sample. Hypertension.
2023;80(5):1117-26. https://doi.org/10.1161/HYPERTENSIONAHA.122.
20513,

Fritz J, Phillips AJK, Hunt LC, Imam A, Reid KJ, Perreira KM, et al. Cross-
sectional and prospective associations between sleep regularity and
metabolic health in the Hispanic community health study/study of
latinos. Sleep. 2021;44(4):218. https://doi.org/10.1093/sleep/zsaa218.
Al-Rasheed AS, Ibrahim Al. Does the poor sleep quality affect the physical
activity level, postural stability, and isometric muscle strength in Saudi
adolescents? Saudi Med J. 2020;41(1):94.

Steptoe A, Kiviméki M. Stress and cardiovascular disease. Nat Rev Cardiol.
2012;9(6):360-70. https://doi.org/10.1038/nrcardio.2012.45.

Jackson EM. Stress relief: the role of exercise in stress management.
ACSMs Health Fit J. 2013. https://doi.org/10.1249/FIT.0b013e31828cb1c9.
laccarino G, Franco D, Sorriento D, Strisciuglio T, Barbato E, Morisco C.
Modulation of insulin sensitivity by exercise training: implications for
cardiovascular prevention. J Cardiovasc Transl Res. 2021;14(2):256-70.
https://doi.org/10.1007/512265-020-10057-w.

Dolezal BA, Neufeld EV, Boland DM, Martin JL, Cooper CB. Interrelation-
ship between sleep and exercise: a systematic review. Adv Prev Med.
2017;2017:1364387. https://doi.org/10.1155/2017/1364387.

Wang F, Boros S. The effect of physical activity on sleep quality: a system-
atic review. Eur J Physiother. 2021,23(1):11-8. https://doi.org/10.1080/
21679169.2019.1623314.

Van der Velde JHPM, Boone SC, Winters-van Eekelen E, Hesselink MKC,
Schrauwen-Hinderling VB, Schrauwen P, et al. Timing of physical activity

(2024) 3:2

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 16 of 16

in relation to liver fat content and insulin resistance. Diabetologia.
2023;66(3):461-71. https://doi.org/10.1007/500125-022-05813-3.

Wendt A, da Silva ICM, Gongalves H, Menezes A, Barros F, Wehrmeister FC.
Short-term effect of physical activity on sleep health: a population-based
study using accelerometry. J Sport Heal Sci. 2022;11(5):630-8.

Tahkdmo L, Partonen T, Pesonen A-K. Systematic review of light exposure
impact on human circadian rhythm. Chronobiol Int. 2019;36(2):151-70.
https://doi.org/10.1080/07420528.2018.1527773.

Videnovic A, Lazar AS, Barker RA, Overeem S. 'The clocks that time
us'—circadian rhythms in neurodegenerative disorders. Nat Rev Neurol.
2014;10(12):683-93. https://doi.org/10.1038/nrneurol.2014.206.

St-Onge M-P, Ard J, Baskin ML, Chiuve SE, Johnson HM, Kris-Etherton P,

et al. Meal timing and frequency: implications for cardiovascular disease
prevention: a scientific statement from the American heart association.
Circulation. 2017;135(9):€96-121. https://doi.org/10.1161/CIR.0000000000
000476.

Cespedes EM, Hu FB, Redline S, Rosner B, Alcantara C, Cai J, et al. Com-
parison of self-reported sleep duration with actigraphy: results from the
hispanic community health study/study of Latinos Suefio ancillary study.
Am J Epidemiol. 2016;183(6):561-73.

Kocherginsky M, Huisingh-Scheetz M, Dale W, Lauderdale DS, Waite L.
Measuring physical activity with hip accelerometry among U.S. older
adults: how many days are enough? PLoS One. 2017;12(1):e0170082.
https://doi.org/10.1371/journal.pone.0170082.

Oskarsdattir M, Islind AS, August E, Arnardéttir ES, Patou F, Maier AM.
Importance of getting enough sleep and daily activity data to assess
variability: longitudinal observational study. JMIR Form Res. 2022,6(2):
e31807.

Shechter A, Grandner MA, St-Onge M-P. The role of sleep in the control of
food intake. Am J Lifestyle Med. 2014;8(6):371-4. https://doi.org/10.1177/
1559827614545315.

Fenton S, Burrows TL, Skinner JA, Duncan MJ. The influence of sleep
health on dietary intake: a systematic review and meta-analysis of inter-
vention studies. J Hum Nutr Diet. 2021;34(2):273-85. https://doi.org/10.
1111/jhn.12813.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1080/07853890.2023.2191001
https://doi.org/10.5935/1984-0063.20190131
https://doi.org/10.5935/1984-0063.20190131
https://doi.org/10.1371/journal.pone.0211442
https://doi.org/10.1371/journal.pone.0211442
https://doi.org/10.1111/sms.13753
https://doi.org/10.1111/sms.13753
https://www.kaypahoito.fi/en/ccs00005
https://www.kaypahoito.fi/en/ccs00005
https://doi.org/10.1161/HYPERTENSIONAHA.122.20513
https://doi.org/10.1161/HYPERTENSIONAHA.122.20513
https://doi.org/10.1093/sleep/zsaa218
https://doi.org/10.1038/nrcardio.2012.45
https://doi.org/10.1249/FIT.0b013e31828cb1c9
https://doi.org/10.1007/s12265-020-10057-w
https://doi.org/10.1155/2017/1364387
https://doi.org/10.1080/21679169.2019.1623314
https://doi.org/10.1080/21679169.2019.1623314
https://doi.org/10.1007/s00125-022-05813-3
https://doi.org/10.1080/07420528.2018.1527773
https://doi.org/10.1038/nrneurol.2014.206
https://doi.org/10.1161/CIR.0000000000000476
https://doi.org/10.1161/CIR.0000000000000476
https://doi.org/10.1371/journal.pone.0170082
https://doi.org/10.1177/1559827614545315
https://doi.org/10.1177/1559827614545315
https://doi.org/10.1111/jhn.12813
https://doi.org/10.1111/jhn.12813

	Regularity of bedtime, wake-up time, and time in bed in mid-life: associations with cardiometabolic health markers with adjustment for physical activity and sedentary time
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Participants
	Measurements
	Accelerometer
	Bedtime, wake-up time, and time in bed regularities
	Sedentary time and physical activity
	Cardiometabolic health markers
	Covariates
	Statistical analyses


	Results
	Discussion
	Anchor 19
	Acknowledgements
	References


