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Abstract

Plain language summary

Background The extent to which people routinely co-attain recommended sleep and
physical activity levels, as well as bidirectional associations between both health
behaviours, are poorly understood at the global level. This study aimed to describe the
routine co-attainment of adequate sleep and daily step count thresholds and investigate
non-linear associations between objective sleep and daily step count in a large multi-
national sample of objective health monitoring data.

Methods Data were collected from 70,963 users of two consumer-available health devices
—an under-mattress sleep sensor and wrist-worn health tracker—between January 2020
and September 2023. Generalised additive models were used to investigate potentially non-
linear, bidirectional, exposure-response relationships between sleep parameters (sleep
duration, sleep efficiency, and sleep onset latency) and step count at the next-day/night
level. Subgroup analyses were undertaken to investigate age-related differences in all
effects.

Results We show that only 12.9% of people achieve the recommended sleep duration of 7-
9hrs/night and >8,000 steps/day, with 16.5% having short sleep (<7hrs/night) and sedentary
lives (<5,000 steps/day). Approximately 6hrs sleep equates to the greatest next-day step
count (e.g., +339 steps vs 8 hrs/night), and sleep efficiency positively predicts next-day step
count in a dose-dependent manner (25th vs 75th percentile: +282 steps/day). Sleep
appears largely unaffected by previous-day step count. Effects are similar across age
groups but decline in magnitude when adjusted for ‘awake duration’.

Conclusions Our findings provide insight into the bidirectional relationship between sleep-
activity globally and highlight the need to ensure sleep and activity health recommendations
are mutually attainable.

It remains unclear how sleep and physical
activity interact on a day-to-day basis, and if
people can attain both recommended sleep
and activity levels. This study used data from
70,963 individuals who monitored their sleep
and physical activity for approximately 3.5 yrs
using an under-mattress sleep sensor and
smartwatch. We examined the proportion of
people that routinely attain both adequate
sleep duration and daily step counts, and if
step count is affected by sleep the previous
night (and vice versa). Only 12.9% of people
routinely attain adequate sleep and physical
activity, and effects of sleep on physical
activity the following day are larger than the
reverse. Findings suggest a need to ensure
global sleep and physical activity recom-
mendations are mutually attainable.

Physical activity and sleep are essential pillars of human health'”. Regular
physical activity can protect against adverse mental and physical health
outcomes including cognitive ageing’, hypertension®, inflammation®, and
all-cause mortality’, and is beneficial for quality of life". Conversely,
sedentary behaviour/inadequate physical activity is associated with
increased risk of all-cause mortality9 , type 2 diabetes, cardiovascular
disease’, hypertension'’, mental health conditions'"", and impaired cog-
nitive performance’. Recent work suggests 8000 daily steps is an important

threshold for adults to reduce the risk of many adverse health outcomes,
including cardiovascular disease and all-cause mortalityl °. For older adults,
6000 steps appears to suffice in this regard'’. Global self-reported data
indicates that more than one in four adults do not attain sufficient regular
physical activity".

Adequate sleep is an active physiological process ™' crucial for life and
optimal health and performance. Sleep plays a vital role in many psycho-
logical, neurocognitive, and physiological processes, including learning and
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memory consolidation, metabolism, and growth and recovery'**’. Insuffi-
cient sleep is linked to poorer cognitive function®***”, increased risk of
Alzheimer’s Disease™, mental health problems”**, weight-gain and higher
risk of obesity”’, hypertension™, inflammatory biomarkers (e.g., interleukin-
6, C-reactive protein)’"”, and all-cause mortality”> . The National Sleep
Foundation recommends that adults aged between 26 and 64 years should
sleep between 7 and 9 hrs per night, and older adults (>64 years) 7-8 h per
night, for optimal health and function™.

Given their importance for health, the interaction between sleep and
physical activity has received growing attention’”*’. Current evidence sug-
gests that physical activity, as opposed to sedentary behaviour, is beneficial
for sleep, with positive associations reported between physical activity with
greater sleep quality and duration™*. Bidirectional mechanisms have also
been proposed, whereby physical activity promotes sleep (e.g., through sleep
regularity, reduced inflammation) whilst insufficient sleep may impair
physical performance and activity (e.g., through increased fatigue, reduced
growth hormone secretion)”. Indeed, there is evidence for longitudinal
associations between sedentary behaviour and reduced physical activity
with impaired sleep architecture (during a 7-day period)*. Moreover, sys-
tematic review findings suggest that moderate-to-vigorous (but not high
intensity) physical activity benefits sleep quality indices (i.e., sleep onset
latency, wake after sleep onset, sleep efficiency)™***. Such conclusions are
supported by evidence from a recent study utilising naturalistic monitoring
data, where attaining at least 60 min of moderate-to-vigorous physical
activity per day was associated with greater objective sleep efficiency, shorter
sleep onset latency, and increased self-reported sleep quality”’. However, in
the same study, note that no associations between continuous physical
activity metrics and next-night sleep indices were uncovered”.

The 24-h activity cycle concept has become the prevailing perspective
on the sleep-activity relationship***. This paradigm recognises sleep and
physical activity (or a lack thereof) as interconnected components of health
that interact bidirectionally and are temporally dependent within the 24-h
day. It has been used successfully in the context of various health outcomes.
Largely, and in line with previously cited findings, evidence suggests that 24-
h days comprised of sufficient sleep and light or moderate-vigorous physical
activity, as opposed to sedentary behaviour, are favourable for health
outcomes™. Alongside this evidence base, 24-h activity guidelines have been
developed for infants’™” and adults™, although systematic review evidence
suggests relatively poor attainment rates across different populations™. It is
important to confirm the simultaneous attainment of recommended sleep
and physical activity thresholds at a global scale.

Furthermore, whilst a developing body of research highlights the
importance of the interaction between physical activity and sleep, several
key methodological limitations are often present. These include 1) the use of
relatively small (e.g., <10 to ~10,000)>* samples typically from single
geographical regions”, 2) analysis of self-reported data that is subject to
recall and social desirability biases, and 3) a lack of longitudinal data col-
lected at a high enough frequency to obtain accurate estimations of average
daily physical activity and habitual sleep parameters. Accordingly, the daily
dynamics of physical activity relative to common sleep parameters, and vice
versa, have not yet been comprehensively investigated using longitudinal,
technology-enabled, objective ‘big data’ collected from a global sample.

In the present study, we leverage ~28 million person-days of objective
health monitoring data, collected over 3.5 years across 244 geographical
regions, to address two primary aims. First, we describe the routine co-
attainment of the National Sleep Foundation’s sleep duration recommen-
dations alongside research-informed daily step count thresholds; and sec-
ond, we investigate potentially non-linear, bidirectional, temporal
relationships between three commonplace sleep parameters—sleep dura-
tion, sleep efficiency, and sleep onset latency—and daily step count. We
show that only a small proportion (~13%) of people can routinely attain
both the recommended 7-9h of sleep per night and > 8000 daily steps.
Moreover, we demonstrate an inverted-U-shaped association between sleep
duration and next-day step count (peaking at ~6 h/night) and a near-linear
positive association between sleep efficiency and step count the following

day. Such effects of sleep on next-day activity were notably greater than the
reverse. Uncovered associations are broadly similar across geographical
regions and—somewhat surprisingly given previous research®”*—when
stratified by age group (19-33, 34-53, and 54+ yrs).

Methods

Participants

Deidentified objective step count and sleep data were acquired from regis-
tered users of the Withings Sleep Analyser (WSA), a validated” and
Therapeutic Goods Administration/Food and Drug Administration-
cleared under-mattress sleep sensor, and the Withings ScanWatch
(WSW), a wearable health tracker. Note that Withings users are members of
the public who purchased the health monitoring devices of their own
accord. Daily step count data were matched to the previous night of sleep.
Data were collected from 244 geographical regions between January 2020
and September 2023. WSA data included 117,034 users (77,226,009
recordings) and WSW contained 200,921 (97,975,648 recordings). All
participants provided consent to have their data used for research purposes
by agreeing to Withings’ terms and conditions. The use of these data was
approved by the Flinders University Human Research Ethics Committee
(project approval number 4291).

Monitoring equipment

The WSA is a consumer-available under-mattress device that passively
monitors sleep, heart rate, and breathing. The device uses pneumatic and
acoustic sensors to detect body movement, snoring, breathing, and heart
rate to estimate sleep and respiratory parameters via proprietary algorithms.
The sleep metrics analysed for the present study were sleep duration, sleep
efficiency (SE; percentage of time in bed spent asleep), and sleep onset
latency (SOL). We also used the WSA to derive the nightly apnoea-
hypopnoea index (AHI) to consider obstructive sleep apnoea severity in our
analyses as a potentially important sleep confounder®*". The WSA has good
agreement with gold-standard polysomnography for sleep estimation (i.e.,
~30-min sleep duration overestimation, <2% sleep efficiency error), with
accuracy comparable to that of other passive monitoring devices™**°. The
WSA has also been validated in several studies for obstructive sleep apnoea
diagnosis™®.

The WSW is a consumer-available wrist-worn smartwatch designed
for passive, 24/7 health monitoring. Using photoplethysmography and
accelerometer (3-axis) sensors, the WSW estimates heart rate, on-demand
electrocardiogram, oxygen saturation, respiratory rate, sleep, and step
count. In the current study, the WSW was used for step count
estimation only.

Data cleaning

We matched the WSA and WSW datasets by user ID and date. Only
complete cases, where both sleep parameters and step count were available,
were used for analyses. Users with >28 days of sleep data, and an average of
>4 recorded sleep periods per week, were included in the analyses®. To
reduce the impact of outliers for each variable on our selected statistical
model (which is sensitive to outliers; see below), we trimmed data to exclude
values in the lower and uppermost 1% of the distribution (Fig. 1). This is a
similar approach to previous work” where a 5% threshold was used.
Descriptive statistics for raw (un-trimmed) and trimmed data are presented
in the Supplementary Table S1. In total, for the primary analyses we used
data from 70,963 participants, collected across an average of 394 monitoring
days (equating to 27,986,158 person-days/nights) (Fig. 1). Comparison of
demographic descriptive statistics between included and excluded partici-
pants, and the demographic statistics for the top 20 countries ranked by user
count, are provided in Supplementary Tables S2 and S3, respectively.

Statistics and reproducibility

We employed Generalised Additive Models (GAM) as our primary analysis
technique due to their flexibility in modelling complex, non-linear, and
temporal relationships®.
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Fig. 1 | Overview of data exclusion process and sample geographic distribution. Flow chart of data exclusion process (A) and geographical distribution of device users
(B). Geographical representation reflects the final sample used in statistical analyses (N = 70,963).

First, GAMs were used to outline the association between step count
and demographic (body mass index [BMI], age in years, sex) and temporal
factors (day of the week, day length, years (2020-2023)). We included a
random intercept for each participant. In this and all subsequent GAM
models, all variables, except for sex, were modelled using smooth functions
with a default degree of freedom of 8. Due to the limited number of unique
values, the variables ‘Year’ and ‘Weekday’ were restricted to 3 and 7 degrees
of freedom, respectively. GAM parameters were set using the “mgcv”
package” in R.

Second, we employed GAMs to investigate the bidirectional relation-
ship between sleep and daily step count while accounting for potential
nonlinearity, given previous research has identified U-shaped relationships
between sleep and health/functioning outcomes™ . The bidirectional
relationships modelled were: ‘Sleep — next-day step count’ and ‘Step count
— next-night sleep’. Note that ‘next-night sleep’ refers to the sleep bout
immediately following the daytime period from which the step count value
was derived. These models were adjusted for demographic factors (age,
BM], and sex), temporal factors (weekday, day length, and year), and geo-
graphical factors (latitude and longitude). A random intercept term was
included for participant. Additionally, the models also accounted for the
duration of the wakefulness period, since sleep and physical activity are
temporally dependent within the 24-hour cycle.

Supplementary GAMs were computed to determine if the exposure-
response relationships differed by age group and OSA severity. The chosen

age groups were early-adulthood (19-33 years), mid-adulthood (34-53
years), and late-adulthood (54+ years)”. OSA severity groups were as fol-
lows: mild (AHI: <15 events/h), moderate (=15 and <30), and severe (=30).

In addition to presenting exposure-response curves, we compared
modelled values of the outcome at quartiles of the predictor variables to help
quantify the effects. Note that interaction terms were not included in the
final models as they did not improve model performance based on the
Akaike Information Criterion (Supplementary Tables S$4, S5 and Supple-
mentary Fig. S1).

We conducted a descriptive analysis to quantify the proportion of users
who met recommended ranges for average sleep duration and daily step
counts. Specifically, sleep duration and step count were categorised into
three categories: <7h, 7-9h, and >9h for sleep; <5000 steps,
5000-8000 steps, and >8000 steps for step count. Selected sleep duration
ranges were based on the National Sleep Foundation’s recommended range
of 7-9 h for adults™. Step count categorisation was informed by the “step-
defined sedentary life index” of <5000 daily steps’ and findings that a daily
step count ~8000 (e.g., 7000-9000) may be sufficient to reduce the risk of
various adverse health outcomes (e.g., diabetes, hypertension) and all-cause
mortality"™'*”*. We also stratified these analyses by age group—using the
same thresholds as for the exposure-response analyses outlined above—
given the National Sleep Foundation’s sleep duration recommendation
differs (i.e., 7-8 h/night) for older adults (265 years), and that ~6000 daily
steps appears to reduce the risk of all-cause mortality and cardiovascular
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disease in adults aged over 60 years'*”®. The connections between these
categories were presented using a Sankey diagram from the “networkD3””’
package in R.

All data analysis and visualisation were conducted in R software, ver-
sion 4.2.27%,

Results
Demographic, geographical, and temporal step count patterns
In total, we analysed data from 70,963 participants, collected across an
average of 394 monitoring days (equating to 27,986,158 person-days/
nights). On average, participants were aged 48 + 12 years, predominantly
male (82%), overweight (BMI = 27.7 + 4.9 kg/m®), and achieved 5521 steps
per day (IQR = 3090-8751). Table 1.

Daily step count varied with changes in demographic and temporal
factors (Fig. 2). Increases in age (beyond ~60 years) and BMI (above ~32 kg/
m’; obesity) were associated with reduced daily step count. Step count was

stable Monday through Friday, with a peak (~400 additional steps than
Friday) occurring on Saturday. Greater day lengths (daylight duration) were
associated with increased step count (15h versus 10 h: ~300 additional
steps). Daily step count increased (~400 steps/day) from 2020 to 2022 and
remained at a similar level from 2022 to 2023. See Supplementary
Figs. S2-§5.

Descriptive analysis of sleep duration and step count categories
Nearly all (~99%) users were categorised as getting an average of <7 (43.2%)
or between 7 and 9 (55.9%) hours of sleep per night; with <1% sleeping over
9 h. Most participants (76.8%) achieved <8000 steps per day on average. The
number of people who slept 7-9 h per night and averaged >8000 steps
per day represented 12.9% of the sample. Further, 16.5% of the sample
averaged <7 h of sleep per night and <5000 steps per day (Fig. 3A).

A near-equal proportion (~38%) of users from both the <7 and 7-9 h
sleep categories reached 5000-8000 steps per day. However, substantial

Table 1 | Descriptive statistics for primary variables of interest

Variable Total sample Country (Top 5 by user count) Age (years)
USA Germany France UK Japan 19-33 34-53 54+

Age 48 (12) 47.2 51.4 49.4 48.0 46.6 29.4 43.9 62.6
BMI 27.7 (4.9) 28.6 28.2 26.9 28.0 251 26.5 27.9 27.9
Male % 82 79 83 81 84 92 82 84 80
Sleep duration (hrs) 7.1(0.8) 71 71 7.2 7.2 6.4 7.2 741 71
SOL 30(11) 33 28 30 32 29 34 31 28
SE 87(6) 86 88 88 86 86 86 87 88
Step count 5521 5999 6281 5825 6468 5926 6077 6325 5855

Note. Mean values are provided for the total sample, the top five countries by user count, and for young-adult (19-33 years), adult (34-53 years), and older-adult (54+ years) age ranges. Standard deviations

are parenthesised.
SOL sleep onset latency (mins), SE sleep efficiency (%), BMI body mass index (Kg/m?).
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percentile) of the predicted outcome values computed with all other variables in the
model held constant; hence, changes are marginal effects. Trend lines represent
mean modelled estimates; grey error bands reflect the 95% confidence interval of
these modelled estimates. Models computed on data from all participants
(n=70,693).

proportions (~38%) from each group had below 5000 steps per day. Almost
60% of users who slept >9h per night on average attained <5000 steps
per day (Fig. 3B). Figure 3C depicts the proportion of participants from each
step count category attaining sleep durations across the three specified
categories.

The proportion of the sample achieving the appropriate sleep duration
and step count thresholds were similar when stratified by age group

(Supplementary Fig. S6). 12.9% of participants aged 19-33 years achieved
7-9h of sleep per night and >8000 steps per day. 13.5% and 11.9% of
participants aged 34-53 and >54 years achieved these thresholds, respec-
tively. When adjusting the thresholds for the >54 age group to 7-8 h of sleep
and >6000 steps per day, to better align with age-specific
recommendations'**’, 18.6% met these values simultaneously (Supple-
mentary Fig. S6).
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Associations between sleep parameters and step count

Sleep and next-day step count. In the unadjusted model, the rela-
tionship between sleep duration and next-day step count was char-
acterised by an inverted U-shaped trend (Fig. 4A), with peak step count
following approximately six hours of sleep the previous night. Next-day
step count modelled at the 75™ sleep duration percentile (~8 h/night) was
237-steps lower than that modelled at the 50 (~7 h/night) and 339-steps
lower than that at the 25" sleep duration percentile (~6 h/night). Addi-
tionally, severely restricted sleep of four hours (~2.5" sleep duration
percentile) was associated with 184 fewer next-day steps than sleep
duration at the 25" percentile (~6 h/night). When accounting for ‘wake
period’ in the adjusted model (Fig. 4A), approximately seven hours of
sleep the previous night equated to peak daily step count. Step count
modelled at the 75" sleep duration percentile (~8 h/night) was 64-steps
and 69-steps less than that at the 25" (~6 h/night) and 50™ (~7 h/night)
percentiles, respectively. This represents a smaller effect than in the
unadjusted model. Again, sleeping four hours was associated with 158
fewer next-day steps (versus 25" sleep duration percentile; ~6 h/night).

Exposure-response curves for effects of sleep duration on next-day step
count did not differ considerably across different OSA severities (Supple-
mentary Fig. S7). Relationships were similar across various regions also
(Supplementary Fig. S8). However, compared to young and middle-aged
adults, the inverted-U-shaped exposure-response curve was notably right-
shifted for older adults (54+ years), with optimal step count equating to
~6.5h of sleep the previous night (Supplementary Fig. S9). For reference,
this value was ~5.5 h for participants aged 34-53 years.

There was an inverse, near-linear, relationship between SOL and next-
day step count (Fig. 4B), with the modelled average step count equating to a
previous-night SOL of ~50 min. Longer SOL (i.e., 75" vs 25" SOL percen-
tiles: ~37 min vs ~15 min) was associated with a 209-step reduction in next-
day step count. When adjusting for ‘awake duration’, the shape of effects
remained similar, but the magnitudes decreased (152-step reduction from
the 25" to 75" SOL percentile). This exposure-response association did not
differ substantially across age groups (Supplementary Fig. S9).

SE was associated with next-day step count in a near-linear fashion
(Fig. 4C). Greater SE (75" vs 25" SE percentile: ~94% vs ~83%) was asso-
ciated with a 282-step increase in next-day step count. The effect in the
adjusted model, a 192-step increase from the 25" to 75" SE percentile, was

comparable in direction but slightly smaller in magnitude. This association
did not change considerably when stratified by age group (Supplemen-
tary Fig. S9).

Step count and next-night sleep. While increasing daily step count was
associated with a reduction in sleep duration the following night
(Fig. 5A), the effects were small and, when adjusting for ‘wake period’,
sleep duration did not vary considerably as a function of the preceding
days’ step count.

The relationship between daily step count and next-night SOL was
near-linear, with greater step count predicting lower SOL. However, again,
this effect was small (e, <2-min SOL reduction; 25® vs 75% step count
percentile). The effect was similar in direction and magnitude when
accounting for ‘awake duration’ in the adjusted model (Fig. 5B).

Greater daily step count was associated with marginally higher SE the
following night. However, note that daily step count below the 75" per-
centile predicted SE below the modelled average. The effect was similarly
small in the model adjusted for ‘awake duration” (Fig. 5C).

These exposure-response relationships varied between OSA severity
groups. For example, individuals with severe OSA had a reduction in total
sleep time (6 min) that was nearly double the reduction observed in the mild
OSA group (3.5 min) when step count increased from the 25th to the 75th
percentile (Supplementary Fig. S8).

There were no prominent differences in these exposure-response
associations between young-, middle-, and older-aged adults (Supplemen-
tary Fig. S9).

Discussion

This study used a large, multi-national sample of health monitoring data to
investigate associations between step count and temporal, demographic,
and sleep-related factors. Daily step count differed as a function of demo-
graphic (age, BMI) and temporal (weekday, day length, year) factors. Only a
very small proportion of participants routinely attained the recommended
sleep duration (age-adjusted: 7-9 or 7-8 h/night) and daily step count (age-
adjusted: >8000 or >6000 steps/day) thresholds. Greater SOL and poorer SE
were associated with decreased step count the following day, with daily step
count the greatest following a sleep duration of ~6-7 h. The optimal sleep
duration to maximise next-day step count was greatest for older adults.
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Effects of daily step count on the subsequent night’s sleep duration, SOL,
and SE were small and likely lack practical significance.

There were discernible relationships between step count and the
demographic and temporal factors we considered. The broadly inverse
relationships between physical activity and both age and BMI are unsur-
prising given the well-established relationship between sedentary behaviour
and BMI/obesity”™® and age-related declines in physical capacity’”™.
Variation in daily step count with weekday and year (2020-2023) may be
explained by a greater opportunity for intentional (but also incidental)
physical activity on weekends and the easing of work-from-home/lockdown
restrictions following the COVID-19 pandemic** ™, respectively. Further-
more, the positive association between daily step count and day length was
similar to those reported in previous research®. These associations highlight
the importance of considering both capacity and opportunity to achieve
regular adequate physical activity.

Most participants did not consistently achieve the recommended sleep
and physical activity levels, with only 12.9% achieving 7-9 h of sleep and
>8000 daily steps simultaneously. This suggests that 8000 steps—although
less than the widely-touted 10,000 step goal*—is difficult for people to
consistently achieve alongside adequate sleep. Seemingly, and as previous
research would suggest’”*, this global sample has challenges in attaining
both adequate sleep duration and sufficient physical activity. Furthermore,
and concerningly, most (>64%) people were unable to simultaneously attain
both 7-9h of sleep and >5000 daily steps, the upper threshold for a
‘sedentary lifestyle’ . Indeed, nearly 17% of the sample lead sedentary lives
(<5000 daily steps) and sleep less than seven hours per night on average.
This is especially concerning given recent evidence suggests even sporadic
attainment of ~8000 daily steps for adults can have notable health benefits".
Importantly, the ability to attain sleep and physical activity recommenda-
tions was poor across all age groups, even when age-adjusted thresholds
were used. For example, less than one in five older adults were able to
simultaneously achieve the recommended sleep duration (7-8 h per night)
and >6000 daily steps. Thus, there is a clear need to emphasise the impor-
tance of both sleep and physical activity in this potentially vulnerable
population®. Taken together, these findings highlight a need to better
consider the compatibility of prominent sleep and physical activity guide-
lines and for continued research into strategies that ensure individuals at all
stages of life can attain adequate sleep without detriment to their physical
activity levels, and vice versa. Encouraging individuals to reallocate time in
sedentary behaviour to sleep or physical activity would help achieve this™.

There were bidirectional exposure-response relationships between
sleep and next-day step count and, to a lesser extent, step count and sleep the
following night. This is unsurprising given previous research has shown
associations between select sleep parameters and step count, and that sleep
duration and physical activity are inherently linked via their temporal
dependency within the 24-h cycle. Here, our findings indicate that the effects
of sleep on subsequent physical activity are greater than the reverse in terms
of relative magnitude. This is an important finding given previous meta-
analytic work concluded that evidence for a unidirectional, temporal, sleep-
to-activity relationship is inconclusive””. High quality sleep of sufficient
duration facilitates an increased capacity to perform physical activity (e.g.,
via enhanced motivation). Conversely, physical activity’s role in ensuring
good sleep is complex, with activity timing and accrued physical strain
prominent contributing factors™ that should be considered when devel-
oping physical activity guidelines and initiatives. In the first instance, public
health messaging may benefit from emphasising good sleep as a precursor to
physical activity in an integrated approach, or by prioritising sleep-focused
health initiatives and policy changes.

It would appear that effects of sleep on next-day step count occur
irrespective of their temporal dependency within the 24-h period. This is
consistent with existing literature that emphasises the importance of con-
sidering sleep quality metrics in sleep-activity relationships. How this
knowledge can be integrated into the prevailing 24-h activity cycle frame-
work to better understand the combined effects of sleep and activity

dynamics on clinical health endpoints remains an open question that
warrants further consideration and investigation.

Exposure-response relationships were largely identical across age
groups. This suggests that the mechanisms and perpetuating influential
factors that link sleep and activity are stable throughout the lifespan.
Interestingly, however, older adults required the longest sleep duration to
maximize their next day step count, suggesting that good sleep health may
enhance the capacity for physical activity in older age. As the global
population continues to age, it becomes increasingly important to investi-
gate how good sleep can support physical activity and help people maintain
functional independence. Moreover, our region-based subgroup analysis
underscores the importance of considering region-specific factors, such as
climate and cultural norms related to sleep, as these may influence sleep-
activity public health guidelines and initiatives.

The practical significance of the identified temporal associations
between sleep and step count warrants further investigation. An increase in
sleep efficiency from low (83%) to high (94%) at the population level,
equated to 192 more steps the following day (in the adjusted model).
Comparatively, intervention research indicates that simply providing
someone with a step count monitoring device can lead to increases of
~1800 steps per day *. This knowledge is important to consider in relation
to public health interventions that may attempt to improve sleep (e.g.,
greater sleep duration) via increasing daily physical activity, and/or vice
versa. Practically small effects at the population level may also reflect poor
sensitivity of the daily step count measure to changes in sleep. It will be
important to consider alternate methods to quantify daily activity in the
context of sleep, such as ‘exercise strain’ composite scores that incorporate
both accelerometer and cardiovascular load data™.

Nonetheless, it appears that achieving above average step count is
possible with varying sleep durations—with high sleep quality appearing to
enhance this ability. Providing further evidence in support of physical
activity interventions™”, greater light intensity physical activity likely
improves sleep quality. As suggested elsewhere™, and given that effects likely
lack practical significance, continued research is required to confirm how
sleep and physical activity interact at the population level.

Our study has several limitations. Withings devices are primarily
marketed in developed regions, meaning our sample, through self-selection,
may have been biased towards high socioeconomic individuals, those
interested in health monitoring, and/or those with sleep-related
health concerns. Findings may not generalise well to people of lower
socio-economic status; however, this limitation more broadly reflects global
disparities in sleep and physical activity data™, and is not exclusive to
the consumer health technology data used here”. Also, and importantly,
the WSA tends to overestimate sleep duration (~30 min) and SOL versus
gold-standard polysomnography™*. However, this is comparable to
other consumer-available sleep tracking devices™*”, and suggests that
the proportion of the sample who attained the reccommended sleep duration
and adequate levels of physical activity is even less than observed.
Furthermore, the step count metric does not capture alternate forms of
physical activity that have importance for health and longevity (e.g.,
resistance-based exercise’), and that could constitute a notable proportion
of the 24-h period. Finally, due to limitations in our data, we were unable to
consider different physical activity intensities (e.g., sedentary behaviour)
and physical activity timing in our models. We also did not have data on
other health outcomes (e.g., blood pressure”). Inclusion of clinical health
endpoints would have helped to form a more holistic picture of the rela-
tionship between sleep and physical activity with additional clinical rele-
vance, although sleep and physical activity are vitally important health
modifiers in and of themselves™. It will0020be important for future research
to both attain largescale data with high temporal specificity and employ
casual inference time-series methodologies (e.g., Granger causality or
transfer entropy) given knowledge that the sleep-activity temporal asso-
ciations within and beyond the 24-h period are complex and not yet fully
understood”.
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Conclusions

This study provides important insights into the bidirectional relationship
between sleep-activity at the within-individual level. Our study identified
very low levels of simultaneous attainment of sleep and physical activity
recommendations in a large, real-world, multi-national sample in which on
average, more than a year of daily data were acquired. We show that effects
of sleep on physical activity, and to a lesser degree, effects of physical activity
on sleep, exist at the next-day level irrespective of temporal dependency.
Leveraging this knowledge, public health initiatives and interventions that
aim to enhance sleep and physical activity concurrently are likely to prove
more effective than those that target either behaviour in isolation. None-
theless, in contexts where resources are limited, or it is otherwise unfeasible
to employ such integrated approaches, sleep-focused interventions are likely
to be the most beneficial. Our findings also underscore the need to consider
alternate physical activity markers that may help to better characterise the
dynamics of the sleep-activity relationship. Furthermore, poor attainment
of age-adjusted sleep and physical activity thresholds indicates that people
across the lifespan struggle to attain both adequate sleep and physical
activity. These findings highlight the importance of considering the real-
world compatibility of prominent sleep and physical activity guidelines.
Further research is needed to inform public health initiatives that support an
individual’s ability to simultaneously achieve both adequate sleep and
physical activity across the lifespan. Policymakers should also endeavour to
better integrate sleep and physical activity guidelines.

Data availability

The dataset used for this study is stored in a proprietary repository
(Withings) and cannot be shared publicly due to privacy and ethical con-
cerns, and legal reasons. The research team accessed the data through an
application process to Withings, designed to safeguard user confidentiality,
as outlined in the terms and conditions and privacy policy documentation.
Queries for data access can be directed to Withings (contact-sup@-
withings.com) with a timeframe for response of four weeks. Specific de-
identified raw data that support the findings of this study, including indi-
vidual data, are available from the corresponding author (josh.fitton@-
flinders.edu.au) upon request subject to ethical and data custodian
(Withings) approval described above. The timeframe for response to
requests will be four weeks. Source data to reproduce primary exposure-
response Figs. 4 and 5 are available in Supplementary Data File 1.
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