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BACKGROUND: Sleep and physical activity (PA) are important lifestyle-related behaviors that impact cardiometabolic health. This
study investigated the joint associations of daily step count and sleep patterns (regularity and duration) with cardiometabolic
biomarkers in adults.

METHODS: We conducted a cross-sectional study using pooled data from the Prospective PA, Sitting, and Sleep Consortium,
comprising 6 cohorts across Europe and Australia with thigh-worn accelerometry data collected between 2011 and
2021. The sleep regularity index, a metric that quantifies day-to-day sleep consistency, sleep duration (h/d), and steps
(per day), was derived from the accelerometer data and categorized based on tertiles and sleep duration guidelines. We
used multivariate generalized linear models to examine joint associations of sleep patterns and total daily step count with
individual cardiometabolic biomarkers, including body mass index, waist circumference, total cholesterol, HDL (high-density
lipoprotein) cholesterol, triglycerides, HbA1c (glycated hemoglobin), and a composite cardiometabolic health score (mean of
the 6 standardized biomarker Z scores).

RESULTS: The sample included 11903 adults with a meantSD age of 54.7+9.5 years, 54.9% female, a sleep regularity
index of 78.7£10.4, and 10206.413442.2 daily steps. Lower PA (<8475 steps/d) combined with either lower sleep
regularity (sleep regularity index <75.9) or short sleep duration (<7 h/d) was associated with the least favorable composite
cardiometabolic health. The corresponding Z scores (95% CI) were 0.34 (0.30-0.38) and 0.26 (0.22-0.31) compared with
those with optimal sleep (sleep regularity index >84.5 or 7-8 h/d) and high step count (>11553 steps/d). The combination
of low sleep regularity and low daily steps was associated with higher body mass index (2.92 [2.61-3.24] kg/m?), waist
circumference (8.58 [7.78-9.38] cm), total cholesterol (0.15 [0.07-0.23] mmol/L), and lower HDL levels (0.17 [0.14-0.2]
mmol/L), regardless of sleep duration. The combination of short sleep and low step count had the strongest unfavorable
associations for body mass index (2.31 [1.98-2.65] kg/m?) and waist circumference (7.01 [6.15=7.87] cm).
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Sleep, Steps, and Cardiometabolic Health

CONCLUSIONS: Our findings suggest that the potential deleterious associations of irregular or insufficient sleep with
cardiometabolic health outcomes may be exaggerated by lower daily PA. Investigation of the prospective joint association of
sleep patterns and PA with cardiometabolic health may be warranted.

Key Words: accelerometry ® cardiometabolic risk factors ® cardiovascular diseases ® epidemiology ® exercise ® public health ® sleep duration

WHAT IS KNOWN

* Public health guidelines highlight the importance of
accessible daily physical behaviors in health promo-
tion and chronic disease prevention.

+ Sleep and physical activity are a pair of physical
behaviors with a synergistic and bidirectional rela-
tionship, yet are largely studied in isolation.

+ The majority of sleep evidence has heavily relied
on questionnaire-based measures and single sleep
parameters and has failed to capture sleep-wake
patterns across multiple sleep dimensions.

WHAT THE STUDY ADDS

* Irregular sleep and insufficient sleep combined with
low daily step count were jointly associated with
higher body mass index, waist circumference, total
cholesterol, lower HDL (high-density lipoprotein)
levels, and a more adverse composite cardiometa-
bolic health score.

+ Potential detrimental associations of irregular or
insufficient sleep with cardiometabolic health out-
comes may be exaggerated by lower levels of daily
physical activity.

mon, preventable, noncommunicable chronic con-
ditions and are some of the main contributors to
deaths worldwide."? Key indicators of cardiometabolic
risk, such as body mass index (BMI) and waist circumfer-
ence, along with cardiometabolic blood biomarkers such
as HDL (high-density lipoprotein) cholesterol, total cho-
lesterol, triglycerides, and HbA1¢ (glycated hemoglobin),
are crucial for understanding and identifying individuals’
cardiometabolic health issues. These indicators can be
used for risk screening and identifying groups or individ-
uals for targeted interventions in cardiometabolic health.
Physical activity (PA) is an important physical behav-
ior that reduces the risk of cardiometabolic diseases
in people of all ages* Among the many forms of PA,
stepping behavior is considered one of the most com-
mon and accessible indicators for PA promotion.® Various
metrics related to stepping have been linked to health
outcomes, such as stepping rate, volume, and stepping
intensity5” However, daily total step count has gained
popularity for setting PA behavior change goals due to
its intuitive nature in targeting specific step counts each
day?® Increasing daily step count has shown beneficial

cardiometabolic diseases constitute a cluster of com-
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Nonstandard Abbreviations and Acronyms

ALSWH  Australian Longitudinal Study on
Women's Health

BCS British Birth Cohort Study

BCS70 1970 British Birth Cohort Study

BMI body mass index

CVD cardiovascular disease

FIREA Finnish Retirement and Aging Study

HbA1c glycated hemoglobin

HDL high-density lipoprotein

NES Nijmegen Exercise Study

PA physical activity

SRI sleep regularity index

T™MS The Maastricht Study

DPhacto Danish Phyiscal Activity Cohort With
Objective Measurements

associations with markers of cardiometabolic risk, such
as BMI, HbA1c, HDL, and triglycerides.®® Recent stud-
ies in middle-aged adults have found an L-shaped
dose-response association between step count and car-
diovascular disease (CVD) risk markers,® CVD morbidity,
and mortality.2'°

Sleep is a multidimensional behavior that is also
recognized as a crucial risk factor for cardiometabolic
health."""? Sleep regularity and sleep duration are 2
important (health-related) dimensions of sleep. Sleep
regularity' reflects the day-to-day consistency in sleep/
wake pattern and has shown beneficial associations with
both cardiometabolic and overall health."*'® Sleep dura-
tion, which has been studied more extensively, appears
to have a U-shaped association with adverse cardio-
metabolic health outcomes, such as obesity, hyperten-
sion, type 2 diabetes, and CVD." To date, the majority
of epidemiological studies have used self-reported sleep
data to estimate sleep parameters,'® which limits accu-
rate capture of sleep-wake patterns. Moreover, wear-
ables may provide more accurate data on sleep duration,
as overreporting is common in the middle-aged,'® and a
discrepancy of around an hour less in sleep duration was
found with accelerometry measurements compared with
questionnaire reports. 2

There is an evidence gap regarding the combined
associations of sleep and PA with cardiometabolic
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markers, as they have primarily been examined indepen-
dently. However, one behavior by itself cannot determine
an individual's health status:?' Sleep and PA are a pair of
physical behaviors that have shown a synergistic and bidi-
rectional relationship through behavioral and physiologi-
cal pathways.?>* A recent joint analysis found that <7 or
>0 hours of device-measured sleep, combined with taking
fewer daily steps, was adversely associated with metabolic
health markers, including BMI, blood lipids, hypertension,
and diabetes?* However, no study, to date, has examined
the joint association of device-measured sleep regularity
and daily steps with cardiometabolic health.

The aim of our study was to examine the associations
of different combinations (mutually exclusive groups)
of device-measured sleep characteristics (regularity
and duration) and daily step count with cardiometabolic
health markers. We utilized the most extensive combined
resource of thigh-worn accelerometry data currently
available, the Prospective PA, Sitting, and Sleep Consor-
tium, comprising 6 cohorts across 5 counties. Prospec-
tive PA, Sitting, and Sleep is a research platform that
integrates both existing and future observational studies
using wearable devices to analyze movement behaviors.?

METHODS
Sample

Participants in the current study were drawn from the pooled
Prospective PA, Sitting, and Sleep data resource?®?” consist-
ing of 6 cohort studies: the ALSWH (Australian Longitudinal
Study on Women's Health, Australia; n~=985),26%° the BCS70
(1970 British Birth Cohort Study, United Kingdom; n=5250),%°
the DPhacto (Danish Physical Activity Cohort With Objective
Measurements, Denmark; n=834)2" the FIREA (Finnish
Retirement and Aging Study, Finland; n=254)% the NES
(Nijmegen Exercise Study, the Netherlands; n=537),% and
TMS (The Maastricht Study, the Netherlands; n=7514)3
Ethical approval and informed consent were obtained at the
cohort level, including permission for subsequent data analysis.
A brief description of each study is presented in Table S1, with
in-depth information available elsewhere. 2529318235737 Following
completion of appropriate data transfer agreements, data pool-
ing, including harmonization of covariates and outcomes, and
cleaning and processing of raw accelerometer data, was con-
ducted at The University of Sydney. Our sample included par-
ticipants with at least 3 days of valid accelerometer data (>20
h of wear time and >3 h of sleep) and excluded participants
with missing covariate or outcome data. The data that support
the findings of this study are available from the Prospective
PA, Sitting, and Sleep Consortium upon reasonable request, in
accordance with cohort-specific regulations.

PA and Sleep Measurements
Raw signal data on movement behaviors were obtained for 24
hours a day over 7 days using triaxial accelerometers worn on

the anterior part of the thigh. Three different brands of acceler-
ometers were used: ActivPAL (ALSWH, BCS70, NES, and TMS),
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Axivity (FIREA), and ActiGraph (Danish PA Cohort).??" There is
a high accuracy and consistency in PA estimates across the dif-
ferent accelerometer brands.®® Although the ActiGraph is com-
monly worn on the hip, previous studies have shown the validity
of thigh-worn ActiGraph under free-living conditions, where daily
step estimates were highly correlated with Axivity and ActivPAL
monitors worn on the thigh.*® We used the previously validated
ActiPASS, version 1.34,%° software, to detect nonwear periods*°
and process and harmonize raw accelerometer data*’ PA was
identified using a decision tree—based deterministic algorithm,*
which has shown an accuracy over 90% for walking and run-
ning detection.?® Signal SD and tilt angle were used to identify
walking activities and the signal frequency domain to estimate
the number of steps.*>#3 Step counts were categorized into low
(<8475 steps/d), medium (8475-11553 steps/d), and high
(>11553 steps/d) stepping groups based on the tertiles of the
total daily step sample.

We calculated sleep duration using an algorithm vali-
dated against polysomnography for thigh placement, which
detected sleep onset, offset, and awakenings to identify total
sleep time.** We categorized sleep duration into short (<7 h),
adequate (7-8 h), and long (>8 h) based on modifications to
the National Sleep Foundation sleep duration guidelines (self-
report—based),“® considering our device-based measurements
and sample distribution.?*4¢ Sleep regularity was assessed
using the sleep regularity index (SRI).#” This index represents
the percentage probability of an individual maintaining the same
sleep/wake state at any 2 time points on adjacent days, with a
scale from O (completely random) to 100 (perfectly regular).”
Based on SRl tertiles of our sample, we classified participants
into low (<75.9), medium (75.9-84.5), and high (>84.5) sleep
regularities, respectively.

Cardiometabolic Outcomes

During home or clinic-based visits, researchers or trained health
personnel from each cohort measured participants’ waist cir-
cumference (cm), height, and weight, which were used to calcu-
late BMI (kg/m?; Table S2). Cardiometabolic blood biomarkers,
including HDL cholesterol (mmol/L), total cholesterol(mmol/L),
triglycerides (mmol/L), and HbA1c (mmol/mol), were mea-
sured from the blood samples provided by all participants,
apart from the Danish PA Cohort where blood biomarkers were
unavailable. Full assessment procedures and assay coefficients
of variation are detailed in Table S3. We calculated standardized
values for normalized cardiometabolic markers, using Z scores
derived from the composite sample distribution.*® A composite
score for cardiometabolic health was determined by taking the
mean of the 6 normally distributed standardized scores, with
a higher score indicating poorer cardiometabolic health.?® We
inverted HDL cholesterol values as higher levels of HDL cho-
lesterol are associated with protection against CVD.*°

Covariates

We selected covariates based on data availability and previous
literature examining associations of sleep and PA with cardio-
metabolic risk markers.8242627 Al| cohorts provided information
on participant age (years), sex (male/female), smoking status
(nonsmoker/current smoker), alcohol consumption (tertiles
based on weekly consumption), self-rated health (5-point
Likert scale), self-reported medication use (blood pressure,
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glucose, and lipid-lowering) and self-reported history of CVD.
A subset of cohorts provided additional information on educa-
tion (n=4 cohorts; none or lower than high school, high school
qualifications, further education qualifications, and university
degrees and higher), occupational class (n=5; not working,
low, intermediate, and high occupational class), diet (n=3; low,
low-moderate, moderate-high, high fruit, and vegetable con-
sumption), and mobility limitations (n=4, questionnaire scores
ranging from O to 100). Full details of data harmonization pro-
cedures are provided elsewhere .26

Statistical Analyses

We conducted a 1-stage individual participant data meta-
analysis, in which raw individual participant data from multiple
cohorts were harmonized into a single data set®° The joint asso-
ciation between sleep and daily steps with risks of cardiometa-
bolic outcomes was examined using generalized linear models.*
The outcome variables, composite score for cardiometabolic
health and individual biomarkers, were treated as continuous.
Generalized linear model coefficients represent the mean dif-
ferences between the reference category and each of the other
joint sleep and step count groups.“® For the sleep regularity-step
combination, we categorized participants into mutually exclusive
9 combinations of sleep regularity (low, SRI <75.9; medium,
75.9<SRI <84.5; and high, SRI >84.5 based on regularity ter-
tiles) and step counts (low, <8475 steps/d; medium, 8475—
115653 steps/d; and high >11553 steps/d). For the sleep
duration-step combination, we similarly categorized participants
into 9 combinations of sleep duration (short, <7 h; adequate,
7-8 h; and long, >8 h) and step counts (3 levels as above).
In each analysis, we set the reference groups as the theoreti-
cally healthiest combination of sleep and daily steps, specifically,
high sleep regularity and high step count, and adequate sleep
duration (accounting for its U-shaped association with cardio-
metabolic health) and high step count. Models were adjusted for
covariates available in all cohorts, including sex, age, smoking,
alcohol, self-rated health status, medication use, prevalent CVD,
and cohort. We also mutually adjusted for sleep duration and
sleep regularity, that is, models examining sleep regularity were
adjusted for sleep duration, and models examining sleep dura-
tion were adjusted for sleep regularity. Using data available only
in the ALSWH, BCS70, DPhacto, and TMS cohorts, sensitiv-
ity analyses additionally adjusted separately for socioeconomic
status (education), occupational class, diet (fruit and vegetable
consumption), and mobility limitations. We also conducted a
sensitivity analysis excluding participants with prevalent CVD or
medication use. To assess the influence of missing accelerom-
etry data on sleep regularity estimates in relation to social jetlag,
we conducted a sensitivity analysis excluding participants with
<7 days of valid accelerometer wear time (ensuring the inclu-
sion of both weekdays and weekends). Additional sensitivity
analyses were performed using the National Sleep Foundation
age-specific sleep duration recommendation categorization
(short <7 h, adequate 7-9 h, and long >9 h for adults aged
18-64 years; short <7 h, adequate 7—8 h, and long >8 h for
adults aged >65 years) and using multiple imputation (chained
equations with predictive mean matching method) to address
missing covariate and outcome data. While compositional data
analysis is a widely used method for examining relative propor-
tions of time spent in different behaviors, it is not suited to our
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research question, which involved creating mutually exclusive
participant groups and exploring sleep dimensions beyond total
sleep time. All analyses were conducted using R statistical soft-
ware (version 4.2.3) with the rms package.

RESULTS
Sample

Our analytic sample size varied by outcome, ranging from
8892 for the composite cardiometabolic score to 11903
for BMI (Figure S1). The maximum sample of 11903
participants had a mean (SD) age of 54.7 (9.5) years, of
which 54.9% were female. The average wear duration
among participants with valid accelerometer data was
6.4 days. The sample showed a high level of activity with
a median daily step count of 9950 steps/d and limited
heterogeneity in sleep duration, with a median of 7 h/d
and an SRI of 80.4. Overall, 56.3% participants were from
the TMS cohort, 31.1% from BCS (British Birth Cohort
Study), 7.6% from ALSWH, 2.2% from DPhacto, 1.7%
from FIREA, and 1.0% from NES. Among all cohorts,
NES was the most active, with a median daily step count
of 12076 steps/d, whereas TMS recorded the lowest
median daily step count of 9620 steps/d. Detailed partic-
ipant characteristics and cardiometabolic health markers,
categorized by their total daily steps or sleep regularity,
are presented in the Table and Table S4, respectively.

Joint Associations of Sleep and Steps With a
Composite Cardiometabolic Health Score

Sleep regularity and steps, and sleep duration and
steps showed clear and graded associations with over-
all cardiometabolic health (Figure 1). We observed
that less regular sleep combined with lower total daily
step count was associated with a more adverse car-
diometabolic health score (ie, Z score >0; Figure 1A).
For example, participants with lower SRI (<75.9) and
lower daily step count (<8475 steps/d) had a higher Z
score of 0.34 (95% Cl, 0.3-0.38) compared with the
reference group with high sleep regularity (SRI >84.5)
and high daily steps (>11553 steps/d). Both shorter
(<7 h) and longer (>8 h) sleep durations combined with
lower total daily step count were associated with more
adverse cardiometabolic health profiles (Figure 1B).
These results remained robust in all sensitivity analyses,
including additional adjustment for education; N=8821
(Figure S2), occupation; N=7981 (Figure S3), fruit and
vegetable consumption; N=7102 (Figure S4), mobility
limitations; N=8843 (Figure Sb); and when using multi-
ple imputation for missing data; N=14 885 (Figure S6).
The overall pattern of the joint association remained
consistent after excluding individuals with prevalent
CVD or medication use (N=5302; Figure S7); exclud-
ing those with <7 days of valid accelerometry wear time
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Table. Participants’ Characteristics by Total Daily Steps (N=11903)
Low Medium High
Overall (<8475 steps) (8475-11553 steps) | (>11553 steps)
N 11903 4011 4037 3855
Age, y; mean (SD) 54.74 (9.45) 56.23 (9.93) 54.53 (9.40) 53.39 (8.75)
Sex, female (%) 6531 (54.9) 1957 (48.8) 2278 (56.4) 2296 (59.6)
Cohort, %
ALSWH 878 (7.4) 244 (6.1) 309 (7.7) 325 (8.4)
BCS 3707 (31.1) 1192 (29.7) 1256 (31.1) 1259 (32.7)
DPhacto 265 (2.2) 37 (0.9) 87 (2.2) 141 (3.7)
FIREA 204 (1.7) 50 (1.2) 94 (2.3) 60 (1.6)
NES 122 (1.0) 20 (0.5) 35 (0.9) 67 (1.7)
T™MS 6727 (56.5) 2468 (61.5) 2256 (55.9) 2003 (52.0)
Alcohol consumption, %
Tertile 1 4030 (33.9) 1520 (37.9) 1309 (32.4) 1201 (31.2)
Tertile 2 4050 (34.0) 1301 (32.4) 1372 (34.0) 1377 (35.7)
Tertile 3 3823 (32.1) 1190 (29.7) 1356 (33.6) 1277 (33.1)
Smoking, current smoker (%) 1594 (13.4) 654 (16.3) 508 (12.6) 432 (11.2)
Self-rated health, %
Excellent 1440 (12.1) 326 (8.1) 504 (12.5) 610 (15.8)
Fair 1264 (10.6) 630 (15.7) 361 (8.9) 273 (7.1)
Good 5345 (44.9) 1920 (47.9) 1839 (45.6) 1586 (41.1)
Poor 154 (1.3) 100 (2.5) 34 (0.8) 20 (0.5)
Very good 3700 (31.1) 1035 (25.8) 1299 (32.2) 1366 (35.4)
Prevalent CVD=yes, % 1245 (10.5) 573 (14.3) 402 (10.0) 270 (7.0)
Medication use*=yes, % 3711 (31.2) 1636 (40.8) 1179 (29.2) 896 (23.2)
Sleep regularity index, mean (SD) 78.66 (10.43) 75.58 (11.60) 79.55 (9.60) 80.94 (9.15)
Sleep duration, h/d; mean (SD) 7.16 (1.03) 742 (1.12) 7.13 (0.98) 6.93 (0.94)
Steps, count per day; mean (SD) 10206.40 (3442.24) | 6612.85 (1293.16) | 9959.94 (876.53) 14203.46 (2136.32)
Body mass index, kg/m?; mean (SD) | 26.94 (4.80) 28.19 (5.41) 26.65 (4.44) 25.95 (4.18)
Waist circumference, cm; mean (SD) | 93.90 (13.63) 08.36 (14.48) 93.03 (12.78) 90.11 (12.18)
HDL cholesterol, mmol/L; mean (SD) | 1.58 (0.47) 1.45 (0.43) 1.60 (0.46) 1.69 (0.48)
Total cholesterol, mmol/L; mean (SD) | 3.71 (1.05) 3.72 (1.08) 3.73 (1.05) 3.67 (1.01)
Triglycerides, mmol/L; mean (SD) 1.48 (1.03) 1.62 (1.07) 1.45 (0.94) 1.34 (1.05)
HbA1c, mmol/mol; mean (SD) 37.84 (8.39) 39.63 (10.30) 3717 (7.32) 36.58 (6.57)

Values represent mean (SD) unless specified otherwise. Low, medium, and high step counts were grouped based on sample tertiles.
ALSWH indicates Australian Longitudinal Study on Women'’s Health; BCS, British Birth Cohort Study; CVD, cardiovascular disease; DPhacto,
Danish Physical Activity Cohort With Objective Measurements; FIREA, Finnish Retirement and Aging Study; HbA1c, glycated hemoglobin;
HDL, high-density lipoprotein; NES, Nijmegen Exercise Study; and TMS, The Maastricht Study.

*Lipid-modifying, hypertensive, and glucose-lowering medications.

(N=6705; Figure S8); or recategorizing participants
based on age-specific self-reported sleep duration rec-
ommendations (N=8892; Figure S9). Wider Cls were
observed for the long sleep duration group likely due to
smaller sample size and reduced statistical power.

Joint Associations of Sleep Regularity and
Steps With Individual Cardiometabolic Health
Markers

Sleep regularity and daily steps showed a joint gradient,
continuous decreasing trend, with some cardiometabolic

Circ Cardiovasc Qual Outcomes. 2025;18:e011873. DOI: 10.1161/CIRCOUTCOMES.124.011873

biomarkers, including BMI, waist circumference, and
HDL (Figure 2; Figures S10 through S14). Participants
with less regular sleep and fewer daily steps had higher
BMI (292 [2.61-3.24] kg/m?), waist circumference
(8.58[7.78—9.38] cm), total cholesterol (0.15 [0.07-0.23]
mmol/L), and lower HDL (0.17 [0.14-0.2] mmol/L)
compared with the reference group with high regular
sleep and high daily steps (Figure 2A through 2D). We
observed a clear joint gradient between sleep regularity
and daily steps for BMI and waist circumference with a
few deviations, such as the high regularity and medium
daily steps group (Figure 2A and 2B). Lower step counts
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A Sleep regularity and Steps N GLM coef (95% CI)
high SRI high steps + 1153 0(0,0)

medium SRI high steps | ——i 974 0.06 (0.02, 0.1)
® low SRI high steps I —e 639 0.1 (0.05, 0.15)
g high SRI medium steps : —— 1065 0.07 (0.02, 0.11)
 medium SRI medium steps I —— 1104 0.13(0.09, 0.17)
% low SRI medium steps : —_— 827 0.21 (0.16, 0.26)
- high SRI low steps I —— 771 0.17 (0.12,0.21)
medium SRI low steps 1 —— 1003 0.25 (0.2, 0.29)
low SR low steps : ——i 1356 0.34 (0.3, 0.38)
0 (Ref) 01 02 04
GLM coefficient of cardiometabolic health (z-score)
B Sleep duration and Steps N GLM coef (95% ClI)
long sleep high steps -—:0—- 299 0.01 (-0.06, 0.08)
adequate sleep high steps ' 1005 0 (O, 0)
© short sleep high steps | —e— 1462 0.06 (0.01, 0.1)
2 long sleep medium steps : — 501 0.07 (0.02, 0.1 3)
%adequate sleep medium steps | —— 1145 0.06 (0.02, 0.1 )
% short sleep medium steps : —— 1350 0.14 (0.1, 0.19)
- long sleep low steps | ——i 921 0.15 (0.1 , 0.2)
adequate sleep low steps 1 — 1090 0.18 (0.14, 0.23)
short sleep low steps : —t 1119 0.26 (0.22, 0.31)
0 (Ref) 0.1 0.2 0.3 0.4
GLM coefficient of cardiometabolic health (z-score)

Joint association of sleep regularity, sleep duration, and total daily steps with composite cardiometabolic health score
(composite Z score: standardized mean score across cardiometabolic biomarkers).
Joint associations of (A) sleep regularity and total daily steps, and (B) sleep duration and total daily steps with composite cardiometabolic
health (Z score, derived from the overall sample distribution; higher scores indicate poorer cardiometabolic health). Reference groups: (A)
high sleep regularity index (SRI) and high total daily steps and (B) adequate sleep duration and high total daily steps. Sleep duration was
categorized into short (<7 h/d), adequate (7—8 h/d), and long (>8 h/d); sleep regularity (low, SRI <75.9; medium, 75.9<SRI <84.5; and high,
SRI >84.5); and total daily steps (low, <8475 steps; medium, 8475—-11553 steps; and high, >11553 steps) were categorized into tertiles. For
instance, the joint exposure group, high SRI high steps, includes participants with a high SRI (SRI >84.5) and a high daily step count (>11553
steps/d), while the joint exposure group, adequate sleep high steps, includes those with adequate sleep duration (7-8 h/d) and a high daily
step count. Both models were adjusted for age, sex, cohort, smoking, alcohol consumption, education, self-rated health, medication use,
prevalent cardiovascular disease, mobility limitations, and mutually adjusted for sleep duration and sleep regularity. N=8892. Generalized linear
model (GLM) coefficients represent the mean differences of Z scores between the reference group and each of the other joint sleep and step

groups.

and, in most cases, more irregular sleep were associated
with higher BMI and waist circumference. Sleep regu-
larity and steps showed a near-linear joint gradient with
HDL cholesterol (Figure 2C). There was less evidence of
joint association between the 2 exposures and total cho-
lesterol, triglycerides, or HbA1c. The detrimental associa-
tion with triglycerides and HbA1c seemed to be primarily
driven by a lower number of steps, as the joint gradient
only appeared in the lower steps groups (Figure 2E and
2F). In contrast, the association with total cholesterol was
more strongly influenced by less regular sleep patterns,
specifically lower SRI scores (Figure 2D). Excluding
participants with prevalent CVD and medication use or
<7 days of valid accelerometer wear time had minimal

Circ Cardiovasc Qual Outcomes. 2025;18:e011873. DOI: 10.1161/CIRCOUTCOMES.124.011873

influence on the overall pattern of the findings (Figures
S15 and S16).

Sleep duration and daily steps showed joint associa-
tions with cardiometabolic biomarkers, including BMI,
waist circumference, HDL, and triglycerides (Figure 3;
Figures S17 through S21). We observed joint gradients
between sleep duration and daily step count with BMI
and waist circumference (Figure 3A and 3B). Partici-
pants with shorter sleep duration and lower daily steps
had a higher BMI (2.31 [1.98-2.65] kg/m?) and waist
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0 (Ref) 1 2 3
GLM coefficient of BMI

0(Ref) 0.1 0.2
GLM coefficient of HDL

m
z

high SRI high steps ¢ 1223 0(0,0)

o medium SRI high steps —_—— 1025 0.09 (0.01,0.17)
g low SRI high steps |—.— 664 0.09 (0, 0.18)
8_ high SRI medium steps I—.— 1139 0.09 (0.01,0.17)
é medium SRI medium steps I—.— 141 0.1(0.02,0.18)
< low SRI medium steps —_— 867 0.23 (0.15, 0.32)
S high SRI low steps I —e 809 0.15 (0.07, 0.24)
= medium SRI low steps 1 —_—— 1028 0.24 (0.16, 0.32)

low SRI low steps 1 L s 1395 0.27 (0.19, 0.35)

0(Ref) 01 02 03
GLM coefficient of Triglycerides

Joint exposure

A N GLM coef (95%Cl B
high SRI high steps ‘ 1606 0(0,0)
o) medium SRI high steps |-~ 1343 0.46 (0.13, 0.78)
é low SRI high steps 1 —— 906 1.12(0.75, 1.48)
8_ high SRI medium steps I-.- 1425 0.43 (0.1, 0.74)
é medium SRI medium steps | - 1440 1.1(0.78, 1.41)
- low SRI medium steps —— 172 1.61(1.27, 1.95)
% high SRI low steps | —— 977 1.41 (1.05, 1.77)
- medium SRI low steps 1 - 1264 1.95 (1.62, 2.28)
low SRI low steps 1 - 1770 2.92 (2.61,3.24)

o

Joint exposure

C N GLM coef (95%CI
high SRI high steps ¢ 1408 0(0,0)

o medium SRI high steps —— 1168 0.04 (0, 0.07)

g low SRI high steps To— 768 0.02 (-0.01, 0.06)

8_ high SRI medium steps | —— 1289 0.07 (0.04,0.1)

é medium SRI medium steps | —— 1294 0.09 (0.06, 0.12)

e low SRI medium steps —— 1006 0.1(0.07,0.13)

% high SRI low steps | —— 899 0.14 (0.1, 0.17)

- medium SRI low steps 1 —— 1145 0.17 (0.13,0.2)
low SRI low steps 1 —— 1603 0.17 (0.14, 0.2)

GLM coef (95%Cl F

Joint exposure

N GLM coef (95%CI

high SRI high steps ¢ 1562 0(0,0)
medium SRI high steps | -0= 1310 1.39 (0.56, 2.22)
low SRI high steps 1 —C= 885 2.36 (1.43,3.29)
high SRI medium steps | - 1396 1.67 (0.86, 2.48)
medium SRI medium steps -0 1425 3.55 (2.74, 4.36)
low SRI medium steps ! - 1155 4.68 (3.82, 5.54)
high SRI low steps | - 965 4.77 (3.85, 5.68)
medium SRI low steps 1 - 1255 5.89 (5.04, 6.74)
low SRI low steps 1 - 1757 8.58 (7.78,9.38)
O(Ref) 25 5 7.5 10
GLM coefficient of Waist circumference
N GLM coef (95%Cl1
high SRI high steps ¢ 1408 0(0,0)
medium SRI high steps —_——-— 1168 0.04 (-0.04, 0.12)
low SRI high steps - 768 0.04 (-0.05, 0.13)
high SRI medium steps -I—.— 1289 0.05 (-0.03, 0.12)
medium SRI medium steps —— 1294 0.08 (0, 0.15)
low SRI medium steps 1 —— 1006 0.19(0.11,0.27)
high SRI low steps -— 898 0.07 (-0.02, 0.16)
medium SRI low steps |—— 1145 0.1(0.02,0.18)
low SRI low steps 1 —_— 1603 0.15 (0.07, 0.23)

0.1 0(Ref) 0.1 02 03
GLM coefficient of Total cholesterol

N GLM coef (95%Cl)
high SRI high steps Py 1336 0(0,0)

medium SRI high steps —_—— 1123 0.13 (-0.45,0.7)
low SRI high steps —l-.— 745 0.31 (-0.34, 0.96)
high SRI medium steps -—.I— 1220 -0.16 (-0.72, 0.4)
medium SRI medium steps —— 1259 0.16 (-0.4, 0.72)
low SRI medium steps —l-.— 973 0.25 (-0.35, 0.85)
high SRl low steps —— 864 0.21 (-0.41, 0.84)
medium SRI low steps 1 —— 1125 0.77 (0.19, 1.35)
low SRI low steps 1 —— 1572 1.99 (1.44, 2.54)

1 0(Ref) 1 2
GLM coefficient of HbA1c

Joint association of sleep regularity and total daily steps with body mass index (BMI), waist circumference, HDL (high-
density lipoprotein), total cholesterol, triglycerides, and HbA1c (glycated hemoglobin).
Joint associations of sleep regularity and total daily steps with (A) BMI, (B) waist circumference, (C) HDL, (D) total cholesterol, (E) triglycerides,
and (F) HbA1c. Reference group set to high sleep regularity index (SRI) and high total daily steps. Sleep regularity (low, SRI <75.9; medium,
75.9<SRI <84.5; high; and SRI >84.5) and total daily steps (low, <8475 steps; medium, 8475-11 553 steps; and high, >11 553 steps) were
categorized into tertiles. For instance, the joint exposure group, high SRI high steps, includes participants with a high SRI (SRI >84.5) and
a high daily step count (>11553 steps/d). Adjusted for age, sex, cohort, smoking, alcohol consumption, self-rated health, medication use,
prevalent cardiovascular disease, and sleep duration. N=11903 (BMI, kg/m?), 11 710 (waist circumference, cm), 10580 (HDL, mmol/L),
10579 (total cholesterol, mmol/L), 9291 (triglycerides, mmol/L), and 10217 (HbA1c, mmol/mol). Generalized linear model (GLM) coefficients
represent the mean differences between the reference group and each of the other joint sleep regularity and step groups.

circumference (7.01 [6.15-787] cm). The joint asso-
ciation of the 2 exposures was less evident with HDL
cholesterol. Daily step count showed significantly more
pronounced direct associations with HDL cholesterol
compared with sleep duration, with a lower number of
daily steps being unfavorable (Figure 3C). We observed
a nonsignificant joint gradient for triglycerides, with indi-
cations suggesting that both short and long sleep, and
a low number of steps increase the risk of elevated tri-
glycerides (Figure 3E). No joint association was found
between sleep duration and total daily steps with total
cholesterol and HbA1C (Figure 3D and 3F). Overall
joint pattern did not change substantially after exclud-
ing participants with prevalent CVD and medication use
(Figure S22) or <7 days of valid accelerometer wear
time (Figure S23). The associations remained largely
unchanged when participants were recategorized
according to age-specific recommendations for sleep
duration (Figure S24).

Circ Cardiovasc Qual Outcomes. 2025;18:e011873. DOI: 10.1161/CIRCOUTCOMES.124.011873

To our knowledge, this is the first individual participant
data meta-analysis to explore the joint associations of
objectively measured sleep patterns and daily step count
with cardiometabolic health. Using a unique pooled har-
monized resource, we found that sleep (regularity and
duration) and daily step count were jointly associated
with composite and individual cardiometabolic health
markers after adjusting for potential confounders. Any
deviation from the optimal pattern in either sleep (high
sleep regularity and adequate sleep duration) or step
counts (high daily step count) was adversely associated
with the composite cardiometabolic health score. For
instance, participants with low regularity or short duration
of sleep and low number of total daily steps had signifi-
cantly higher (worse) composite cardiometabolic health
risks compared with those with high sleep regularity or
adequate sleep duration and high step counts. While we
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B N GLM coef (95% C
long sleep high steps —0— 426 0.1 (-1.32,1.12)
o adequate sleep high steps [} 1409 0(0,0)
a short sleep high steps 1 -~ 1922 1.99 (1.22,2.77)
8_ long sleep medium steps 1 - 729 1.74 (0.73, 2.75)
s adequate sleep medium steps I -— 1513 1.9 (1.09,2.72)
— short sleep medium steps -~ 1734 4(3.2,4.8)
'% long sleep low steps 1 -~ 1221 4.53 (3.63, 5.43)
- adequate sleep low steps 1 - 1381 4.99 (4.14, 5.84)
short sleep low steps 1 - 1375 7.01(6.15, 7.87)
O(Ref)25 5 7.5 10
GLM coefficient of Waist Circumference
D N GLM coef (95% C
long sleep high steps —— 368 0.03 (-0.09, 0.15)
[ adequate sleep high steps o 1226 0(0,0)
> short sleep high steps —0-'— 1750 -0.03 (-0.11, 0.04)
8 long sleep mediugm steps _I._ 615 0.05 (-0.05, 0.15)
%adequate sleep medium steps — 1369 0.06 (-0.02, 0.13)
= short sleep medium steps L.— 1605 0.07 (0, 0.15)
S long sleep low steps I —— 1080 0.14 (0.05, 0.22)
- adequate sleep low steps -——— 1276 0.06 (-0.02, 0.14)
short sleep low steps 1290 0.03 (-0.05, 0.11)

-0.1 0 (Ref) 0.1

02 03

GLM coefficient of Total cholesterol

A N  GLM coef (95% C
long sleep high steps —— 440 0.07 (-0.4, 0.55)
o adequate sleep high steps [ 1428 0(0,0)
a short sleep high steps 1 - 1987 0.79 (0.49, 1.09)
8_ long sleep medium steps I—.— 735 0.45 (0.05, 0.84)
é adequate sleep medium steps I-.- 1543 0.47 (0.15,0.79)
— short sleep medium steps - 1759 1.33 (1.01, 1.64)
% long sleep low steps | - 1221 1.26 (0.91, 1.62)
- adequate sleep low steps | - 1397 1.58 (1.25, 1.91)
short sleep low steps L - 1393 2.31 (1.98, 2.65)
0 (Ref) 1 2 3
GLM coefficient of BMI
c N GLM coef (95% C
long sleep high steps —0— 368 0(-0.04, 0.05)
[0} adequate sleep high steps [ ] 1226 0(0,0)
; short sleep high steps —q— 1750 -0.01 (-0.03, 0.02)
8_ long sleep medium steps 1 — 615 0.07 (0.03, 0.11)
é adequate sleep medium steps | —— 1369 0.06 (0.02, 0.09)
— short sleep medium steps —— 1605 0.07 (0.04,0.1)
-% long sleep low steps 1 —— 1080 0.13(0.1,0.17)
- adequate sleep low steps 1 —— 1277 0.14 (0.11,0.17)
short sleep low steps 1 —— 1290 0.14 (0.1,0.17)
0 (Ref) 0.1 0.2
GLM coefficient of HDL
E N GLM coef (95% C
long sleep high steps JUN EAS— 310 0.06 (-0.06, 0.19)
o adequate sleep high steps 0 1052 0(0,0)
>3 short sleep high steps — 1550 0.06 (-0.01, 0.14)
8 long sleep medium steps 1 g 515 0.1(-0.01,0.2)
%adequate sleep medium steps I—.— 1199 0.1(0.02,0.18)
= short sleep medium steps —_—— 1433 0.13 (0.05, 0.21)
3 long sleep low steps |l —— 939 0.16 (0.07, 0.25)
- adequate sleep low steps | —— 122 0.14 (0.06, 0.23)
short sleep low steps 1 r—— 171 0.24 (0.16, 0.33)
0(Ref) 0.1 02 03
GLM coefficient of Triglycerides

N GLM coef (95% C

long sleep high steps ——— 356 -0.51 (-1.37,0.34)
[ adequate sleep high steps [ ] 1180 0(0,0)
2 tong sioop medium stone|  — o w s o)
%adequate sleep medium steps —— 1324 -0.34 (-0.91, 0.22)
; short sleep medium steps -J-O— 1526 0.28 (-0.28, 0.83)
S long sleep low steps ! 1070 0.01(-0.61, 0.64)
- adequate sleep low steps —— 1246 0.52 (-0.07, 1.1)

short sleep low steps —— 1245 1.55 (0.95, 2.14)

1 0(Ref) 1 2
GLM coefficient of HbA1c

Joint association of sleep duration and total daily steps with body mass index (BMI), waist circumference, HDL (high-
density lipoprotein), total cholesterol, triglycerides, and HbA1c (glycated hemoglobin).
Joint associations of sleep duration and total daily steps with (A) BMI, (B) waist circumference, (C) HDL, (D) total cholesterol, (E) triglycerides,
and (F) HbA1c. Reference group set to adequate sleep duration and high total daily steps. Sleep duration was categorized into short (<7 h/d),
adequate (7-8 h/d), and long (>8 h/d), and total daily steps (low, <8475 steps; medium, 8475-11553 steps; and high, >11 553 steps) were
categorized into tertiles. For instance, the joint exposure group, adequate sleep high steps, includes participants with adequate sleep duration
(7-8 h/d) and a high daily step count (>11553 steps/d). Adjusted for age, sex, cohort, smoking, alcohol consumption, self-rated health,
medication use, prevalent cardiovascular disease, and sleep regularity. N=11903 (BMI, kg/m?), 11 710 (waist circumference, cm), 10580
(HDL, mmol/L), 10579 (total cholesterol, mmol/L), 9291 (triglycerides, mmol/L), and 10217 (HbA1c, mmol/mol). Generalized linear model
(GLM) coefficients represent the mean differences between the reference group and each of the other joint sleep duration and step groups.

observed similar joint associations across various indi-
vidual biomarkers with irregular, inadequate sleep, and a
low number of daily steps, in some instances, there were
indications of a slightly different shape or nature of the
associations.

Our study offers novel insights into the joint associations
of sleep regularity and step count with cardiometabolic
health. These associations were more pronounced for
BMI, waist circumference, and HDL cholesterol than for
total cholesterol, triglycerides, and HbAlc. Low sleep
regularity (SRI <75.9) combined with low total daily
step count (<8487 steps/d) was associated with higher
BMI, waist circumference, total cholesterol, triglyceride,
and lower HDL cholesterol. Irregular sleep timing was
independently associated with adverse cardiometabolic

Circ Cardiovasc Qual Outcomes. 2025;18:e011873. DOI: 10.1161/CIRCOUTCOMES.124.011873

health markers, including higher BMIPP" and waist cir-
cumference,®® lower HDL cholesterol,'® and outcome
events such as obesity, hypertension, and CVD.%3%* Stud-
ies have also shown that lower volumes of daily steps
were associated with higher risk for obesity, diabetes,
and cardiovascular events.®*=” Step count is a commonly
used proxy for an individual's overall PA. Lower levels of
PA have been directly linked to insulin sensitivity through
mechanisms such as decreased glucose uptake by mus-
cles and altered lipid metabolism, leading to metabolic
dysfunction and elevating the risk of morbidity and mor-
tality related to type 2 diabetes.®® Irregular sleep disrupts
the body’'s natural circadian rhythms, which have been
linked to metabolic dysregulation that may contribute
to metabolic disorders, such as obesity and type 2 dia-
betes through alterations in insulin sensitivity, impaired
glucose tolerance, and increased inflammation.® The
combination of irregular sleep patterns and a low vol-
ume of daily steps could potentially amplify the negative
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effects on cardiometabolic health relative to each factor
on its own. Future studies should examine the prospec-
tive joint association of sleep regularity and stepping to
understand the temporality between these combined
exposures and cardiometabolic health outcomes.

Using accelerometry and multicohort meta-analysis,
our study sheds light on areas with limited evidence,
the joint associations between sleep duration and step
counts with cardiometabolic health. In our study, a com-
bination of short sleep duration (<7 h/d) with low step
counts was associated with higher BMI, waist circumfer-
ence, triglycerides, and lower HDL cholesterol compared
with those getting adequate sleep (7-8 h/d) and tak-
ing more steps (over ~11000 steps/d). This association
was particularly strong for BMI and waist circumference,
which aligns with existing literature. For example, a sys-
tematic review reported that short sleep duration (<6
h/d) was associated with increased incidence of obesity,
and both short (<6 h/d) and long (>8 h/d) sleep duration
were associated with increased risk of incident type 2
diabetes.'” Sleep duration and daily step count have been
found to be separately associated with obesity and type
2 diabetes.'"®5%660 However, these movement behaviors
are not entirely independent of each other, as shorter PA
duration is associated with inadequate sleep duration.’’
Our study supports findings from a recent analysis in the
1970 British cohort study, which showed that short sleep
durations combined with low step counts are associated
with higher BMI and elevated rates of hypertension and
diabetes.?* Other cohort studies suggested that higher
volumes of PA or moderate-to-vigorous PA attenuated
the deleterious association of inadequate sleep duration
with all-cause and cause-specific mortality outcomes.®243

Differences Across Cardiometabolic Outcomes

We also observed joint associations for sleep duration
and total daily step count with HDL cholesterol and
triglycerides though these relationships were less pro-
nounced compared with BMI and waist circumference.
For some outcomes, for example, HDL cholesterol, the
joint associations were primarily driven by step counts.
Specifically, lower daily steps were associated with lower
HDL cholesterol compared with those with adequate
sleep duration and high step counts, regardless of sleep
duration. This suggests that overall, PA volume, as quan-
tified by step count, could play a more important role
in regulating cholesterol levels than duration of sleep.
Although a Mendelian randomization analysis did not
find statistically significant causal associations between
moderate-to-vigorous PA or sleep duration and lipid lev-
els, potentially due to directional pleiotropy,®* their results
indicated that moderate-to-vigorous PA may be more
strongly associated with HDL cholesterol levels than
sleep duration. While longitudinal research is needed, our
study suggests that striving for higher daily step count is
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a promising strategy for mitigating the deleterious asso-
ciations of both short and long sleep durations, as well as
irregular sleep, on cardiometabolic health markers.

Comparison Between Sleep Patterns

A statistically significant joint association was found
between sleep regularity and daily step count with HDL
cholesterol, as well as some joint association with total
cholesterol. However, no such association was evident for
sleep duration and daily step count with HDL and total
cholesterol. This might imply that maintaining sleep regu-
larity may enhance the cardiometabolic health benefits of
PA more effectively than merely ensuring adequate sleep
duration. A recent prospective analysis using device-
measured SRI and sleep duration found that sleep regu-
larity was associated more strongly with all-cause and
cause-specific mortality risk than sleep duration.®® Other
studies have also shown that compared with inadequate
sleep, irregular sleep can have a stronger adverse effect
on some health outcomes, such as cardiometabolic risk'*
and quality of life in cancer populations.®® Another cross-
sectional study has shown that irregular sleep was more
strongly associated with metabolic syndrome than sleep
duration, potentially explaining the observed disparities
in some cardiometabolic health outcomes.®” This result
supports the idea of placing more importance on sleep
regularity, providing fresh insights into lifestyle modifica-
tions aimed at improving cardiometabolic health and lipid
profiles, and implications for the development of behavior
change interventions and public health guidelines.

Strengths and Limitations

Key strengths of our study include the large-scale
pooled analyses that included participants from multiple
cohorts across various countries, enhancing the gener-
alizability of our findings, and the use of device-based
exposure measurement that avoids potential bias from
social desirability and poor recall.'® Moreover, the accel-
erometry placement on the thigh provides highly accu-
rate detection of various types of activities, particularly
ambulatory activities, using novel classification methods
with over 90% accuracy?®*? and 80% accuracy for sleep
detection.** Harmonizing PA and sleep data across mul-
tiple cohorts significantly strengthened the robustness of
the observed joint associations.?®%® This study simultane-
ously assessed 2 crucial aspects of sleep (regularity and
duration), providing comprehensive insights into sleep’s
complex multidimensional nature and its joint associa-
tions with daily steps on cardiometabolic health.

Our study also has several limitations, including the
cross-sectional design that precludes causal interpreta-
tion and the possibility of unmeasured or residual con-
founding. For instance, we did not adjust for diet in our
main models due to a substantial reduction in sample size,
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and short-term seasonal/weather-related variations in
stepping behaviors were not accounted for. Also, we did
not adjust for adiposity markers or other cardiometabolic
biomarkers in our models to prevent overadjustment due
to multicollinearity and the potential role of these variables
as mutual mediators in the association between stepping
or sleep behaviors and other risk factors.®® The strong
joint associations of sleep patterns and step counts with
adiposity markers observed in this study could potentially
reflect a bidirectional relationship, where higher BMI or
waist circumference may lead to poor sleep and lower
levels of daily PAs. The presence of missing data in our
sample could introduce bias. The categorization of contin-
uous sleep and stepping variables may have resulted in a
loss of granularity and reduced statistical power. It is note-
worthy that despite the large sample size, the relatively
healthy status of the samples in this study may limit the
generalizability of the findings to populations with lower
activity or poorer health. We chose total daily step count
as the primary stepping metric to be included in the joint
exposure, given its ease of interpretation and accessibility
to the general population. Step count is also commonly
captured by consumer wearables and may hold poten-
tial as a basis for future digitally assisted health interven-
tions. To enhance the generalizability and reliability of our
findings, future research involving diverse ethnicities and
populations with varying activity levels, additional stepping
metrics (such as cadence-defined stepping intensity), or
incorporating longitudinal data is warranted.

Conclusions

Our study provides novel evidence on the joint associa-
tions between sleep patterns and daily step count with
cardiometabolic health by using a pooled multicohort
individual participant data meta-analysis and device-
based measures. Irregular sleep patterns or inadequate
sleep duration combined with lower total daily step count
may be adversely associated with cardiometabolic health.
More studies on similar contexts are required to provide
guidance to future interventions and prospective studies.
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