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ABSTRACT

Introduction: Tailoring physical activity interventions to individual chronotypes and preferences by time of day could promote
more effective and sustainable behavior change; however, our understanding of circadian physical behavior patterns is very
limited.

Objective: To characterize and compare 24-h physical behavior patterns expressed relative to clock time (the standard measure-
ment of time-based on a 24-h day) versus wake-up time in a large British cohort age 46.

Methods: Data were analyzed from 4979 participants in the age 46 sweep of the 1970 British Cohort Study who had valid ac-
tivPAL accelerometer data across >4 days. Average steps and upright time (time standing plus time stepping) per 30-min interval
were determined for weekdays and weekends, both in clock time and synchronized to individual wake-up times.

Results: The mean weekday steps were 9588, and the mean weekend steps were 9354. The mean weekday upright time was
6.6h, and the mean weekend upright time was 6.4h. When synchronized to wake-up time, steps peaked 1h after waking on
weekdays and 2.5h after waking on weekends. Upright time peaked immediately, in the first 30-min window, after waking on
both weekdays and weekends.

Conclusions: Aligning accelerometer data to wake-up times revealed distinct peaks in stepping and upright times shortly after
waking. Activity built up more gradually across clock time in the mornings, especially on weekends. Synchronizing against
wake-up times highlighted the importance of circadian rhythms and personal schedules in understanding population 24-h phys-
ical behavior patterns, and this may have important implications for promoting more effective and sustainable behavior change.

1 | Introduction childhood, drawing heightened interest from physical activity

researchers [1-4]. The adult guidelines issued by the United

As public health researchers increasingly focus on behaviors
that span the 24-hday, the intricate relationships between
various health-enhancing behaviors over time are gaining
attention. In recent years, there has been a rise in time-use
research methods, particularly following the introduction
of 24-h movement behavior guidelines for youth and early

States, the United Kingdom, and WHO each deal separately
with sleep, sedentary behavior, and physical activity [5-8].
The WHO's guidelines report highlighted the need for wear-
ables to address many of the research gaps around 24-h time
use [9]. This reflects that much-published data among adults
examine relationships of health outcomes to time in only one
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behavior, without considering potential interrelationships of
movement behaviors.

Previous research among adults has been limited by reliance on
recall questionnaires, which are susceptible to bias and cannot
measure total time allocated to all movement behaviors within
a 24-hday [10]. The development of 24-h time-use diaries al-
lows researchers to assess compensation across a day [11, 12].
However, constructing such accounts is problematic due to re-
call failures, concurrent activities, and differing interpretations.
Although diaries provide an approach, more accurate and com-
prehensive measurements are needed.

The implementation of device-based tools such as accelerom-
eters in cohort studies now enables accurate measurement of
movement behaviors continuously across 24h [13-16]. This has
contributed to recent publications assessing time-use substitu-
tion. The proliferation of wearables providing 24-h movement
data has already begun to change interpretations of sleep, sed-
entary behavior, and physical activity on health. Importantly, it
has been indicated that this growing evidence base will be in-
corporated into the next iteration of national and international
public health guidelines [17, 18].

Traditionally, variations in activity have been analyzed and
presented in relation to clock time, typically demonstrating a
gradual increase over time. However, this approach overlooks
individual variances in circadian rhythms, which are crucial
when aiming for enduring behavioral modifications. We know
very little about physical behavior circadian rhythms due to lim-
itations in our current methods. Interventions that align physi-
cal activity with one's circadian rhythm could have a significant
edge over conventional methods. These interventions could also
lead to pronounced health benefits and foster more effective,
long-lasting behavioral changes.

In this analysis, we leveraged detailed accelerometer-based
monitoring of both stepping and upright time patterns aligned
to clock time and individual wake-up times as an indicator of
intrinsic circadian rhythms. The aim of this study was to char-
acterize and compare 24-h activity patterns expressed relative
to clock time versus wake-up time in a large British cohort aged
46. Focusing on mid-aged adults minimizes confounding age-
related variables, leveraging their stable routines to clarify cir-
cadian physical behavior patterns.

2 | Methods

The 1970 British Cohort Study (BCS70) is a longitudinal study
following the lives of approximately 17000 individuals born
in England, Scotland, or Wales during a single week in 1970
[19, 20]. The study's age 46 sweep was carried out between
2016 and 2018, with 8581 members participating. A wide range
of data was captured in the sweep, including personal, so-
cial, and economic data, a range of biomedical measures, and
accelerometer-derived physical behavior data. For these people,
a thigh-mounted triaxial accelerometer-based device, an ac-
tivPAL3 (PAL Technologies Ltd., Glasgow, UK), was used to col-
lect objective physical behavior data over 7days. A total of 6492
eligible participants consented to wear the activPAL.

We used a wear protocol previously developed [21]. The activPAL
was waterproofed and affixed to the midline of the anterior as-
pect of the upper thigh. Participants were instructed to wear the
device continuously for 7days, after which they were to remove
and return it by post. If the accelerometer became dislodged
during the monitoring period, participants were instructed not
to reattach the device before returning it.

Raw acceleration data from activPAL were downloaded and
processed using PALbatch version 8.10.10.52 (PAL Technologies
Ltd.). The event data were exported using an event-based ap-
proach [22] that considers each continuous period of sitting,
standing, and taking a stride as a single event. Our study used
the CREA algorithm to identify various activity classes, includ-
ing sitting, standing, stepping, and lying. The algorithm defines
each stride event as two steps and combines adjacent stride
events into a single stepping event, with twice the number of
steps as strides. Stepping events are characterized by duration,
number of steps, and cadence. An upright period was charac-
terized as a consecutive series of standing and stepping events,
with sitting events marking the beginning and end. Participants
with at least four valid days of activity data were included in the
analysis.

The time spent out of bed was obtained from the event files for
all days, and physical behavior measures such as steps per hour
and upright time were calculated in relation to the time the indi-
vidual got out of bed. The time in bed algorithm for the activPAL
was used for detecting continuous lying events, and when con-
ditions for this were broken, being upright (standing and step-
ping), they were deemed to have woken up. Subsequently, the
average number of steps and percentage of time spent upright
per individual were determined for each 30-min period per day.

For each individual, the average number of steps per day was
calculated for both weekdays and weekends. The same was done
for upright time. The average and standard deviations of these
individual averages were calculated, giving an average for the
group for each condition on weekdays and weekends. To gener-
ate descriptive statistics, means and standard errors were com-
puted for the whole population across all days, separately for
weekdays and weekends, for each 30-min interval.

3 | Results

Data from 4979 individuals (mean age 46.8years, SD 0.7), out of
5569 who returned their monitors with data for at least 1day of
wear, were determined to be valid and met the requirements for
the analysis. For all individuals, there was a total of 22088 valid
days for weekdays and 8955 valid days for weekends.

The mean number of steps taken on a weekday was 9588 (SD
4748), and the mean number of steps taken on a weekend day
was 9354 (SD 5313). The mean upright time for a weekday was
6.6h (SD 2.2h), and the mean upright time for a weekend day
was 6.39h (SD 2.06h). The mean wake time for all weekdays
was 7:35 (SD 3.7h).

Figure 1 displays the daily stepping profiles for weekdays and
weekends for the entire population. On weekdays, steps peaked
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at approximately 8:30a.m., whereas weekends had a later peak
at approximately 11:30a.m. Stepping gradually built up across
clock time in the mornings, with a more prolonged ramp on
weekends. When stepping was synchronized to wake-up time,
as shown in Figure 2, distinct peaks emerged approximately 1h
after waking on weekdays and 2.5h after waking on weekends.

Figure 3 shows the upright time profiles for weekdays and
weekends for the entire population. On weekdays, upright time
peaked at approximately 8:00a.m., compared with a later peak
at approximately 12:30p.m. on weekends. As with stepping,
upright time built up gradually across clock time in the morn-
ings, especially on weekends when the morning ramp was more
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prolonged. When upright time was normalized to wake-up time
in Figure 4, a prominent peak emerged immediately after wak-
ing on both weekdays and weekends. On weekdays, the upright
time declined sharply after the initial morning peak and leveled
off, followed by a gradual decline. Weekends showed a second-
ary smaller peak approximately 3h after waking before steadily
declining. The upright time patterns complement the stepping
profiles by showing similarly timed peaks and rhythms relative
to wake-up. The prolonged weekend morning ramp in upright
time aligns with the gradual accrual of steps over weekend
mornings. Together, these findings reinforce that activity across
a 24-hday follows different temporal rhythms on weekends ver-
sus weekdays when aligned to individual wake-up times.
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FIGURE1 | Daily stepping profiles for both weekdays and weekends. The lines show the mean and two standard errors.
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FIGURE 2 | Daily normalized stepping profiles for both weekdays and weekends. The lines show the mean and two standard errors.
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FIGURE 3 | Daily upright profiles for both weekdays and weekends. The lines show the mean and two standard errors.
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FIGURE 4 | Daily normalized upright profiles for both weekdays and weekends. The lines show the mean and two standard errors.

4 | Discussion

Understanding individual differences in daily routines and
wake-up times is crucial when examining daily activity pat-
terns, as these factors can influence physical activity levels
throughout the day, and this could impact how we design phys-
ical activity interventions. The significance of taking individ-
ual differences in daily routines into account is supported by
research on circadian rhythms, which are biological processes
that operate on an approximately 24-h cycle and regulate var-
ious aspects of our physiology and behavior, including sleep—
wake cycles [23, 24].

Circadian rhythms help synchronize our bodily functions to
match the Earth's natural light-dark cycle. However, people's
intrinsic circadian cycles differ, categorized into “chrono-
types” of morning larks, night owls, and intermediates [24].
Chronotype impacts the timing of sleep and activity prefer-
ences. By synchronizing physical activity data to individual
wake-up times, researchers can align movement patterns to
biological time rather than external clock time [25]. This ac-
counts for differences in chronotypes and schedules across a
population. For instance, consider two individuals—one wak-
ing at 6:00a.m. and another at 8:00a.m. At 9:00a.m., the first
had been awake for 3h, whereas the second had been awake for
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only 1h. Any activity at 9:00a.m. represents different points in
their personal circadian cycle. Synchronizing to wake-up time
places their activity patterns on the same timescale aligned to
their intrinsic rhythms.

Tailoring physical activity interventions to individual chro-
notypes and preferences by time of day could also promote
more effective and sustainable behavior change. For example,
morning people may be most receptive to scheduled morn-
ing walks or exercise classes, whereas evening types may
prefer later afternoon or evening activities. Understanding
these individual differences can help design personalized
activity planning that fits individual circadian rhythms and
preferences. This approach could improve the adoption and
maintenance of physical activity routines for broader pub-
lic health, rather than a “one size fits all” recommendation.
Matching activity timing to innate chronotype and personal
preferences may lead to greater satisfaction, adherence, and
overall activity levels. It has been shown that structured
exercise aligned with chronotype can enhance health out-
comes in Type 2 diabetes patients [26] and that exercising
at the right time could help synchronize circadian rhythms
with daily schedules, potentially improving overall health
[27, 28].

This study has several strengths, including the use of thigh-
worn activPAL devices to objectively measure movement be-
haviors with high resolution continuously across multiday
periods, providing a robust quantification of stepping and up-
right time. The large nationwide British cohort of nearly 5000
adults provided a population-based, roughly representative
sample in a critical for chronic disease prevention narrow age
range, removing the confounding factor of age-related differ-
ences and national differences. The main limitation was that
the sample was restricted to British adults, potentially reduc-
ing generalizability to other populations. It is important to note
the potential selection bias from analyzing a subset (n =4979)
of the larger 1970 British Cohort Study. In addition, we have
only 1week of data from each individual and assume that it
represents their normal week. Our analysis focused on look-
ing at circadian physical behavior patterns within this cohort,
and future studies might use this approach to compare these
patterns across different population subtypes, both sex and
socio-economic.

5 | Conclusions

This study revealed insights into 24-h activity patterns in a
large British cohort when accelerometer data were aligned to
individual wake-up times rather than clock time. Clear peaks
in stepping and upright time emerged shortly after waking
on both weekdays and weekends. However, activity built up
more gradually across clock time in the mornings, especially
on weekends. These findings demonstrate the importance of
accounting for individual differences in circadian rhythms
and wake-up schedules when studying relationships between
movement behaviors across a population. The results high-
light implications for future revisions to 24-h activity guide-
lines and personalized activity planning tailored to individual
chronotypes.
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