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ORIGINAL ARTICLE

Device-Measured Sleep Characteristics, Daily 
Step Count, and Cardiometabolic Health Markers: 
Findings From the Prospective Physical Activity, 
Sitting, and Sleep (ProPASS) Consortium
Wenxin Bian , BSc; Matthew N. Ahmadi , PhD; Raaj K. Biswas , PhD; Joanna M. Blodgett , PhD; Andrew J. Atkin , PhD; 
Hsiu-Wen Chan , PhD; Borja del Pozo Cruz , PhD; Kristin Suorsa , PhD; Esmée A. Bakker , PhD; Richard M. Pulsford , PhD; 
Gregore I. Mielke , PhD; Peter J. Johansson , PhD; Pasan Hettiarachchi , PhD; Nicholas A. Koemel , PhD;  
Dick H.J. Thijssen , PhD; Sari Stenholm , PhD; Gita D. Mishra , PhD; Armando Teixeira-Pinto , PhD; Vegar Rangul , PhD; 
Lauren B. Sherar , PhD; Ulf Ekelund , PhD; Alun D. Hughes , PhD; I-Min Lee , PhD; Peter A. Cistulli , PhD;  
Andreas Holtermann , PhD; Annemarie Koster , PhD*; Mark Hamer , PhD*; Emmanuel Stamatakis , PhD; on behalf of the 
ProPASS Collaboration†

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 11 903 adults with a mean±SD age of 54.7±9.5 years, 54.9% female, a sleep regularity 
index of 78.7±10.4, and 10 206.4±3442.2 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 (>11 553 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/m2), 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/m2) and waist circumference (7.01 [6.15–7.87] cm).
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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: cardiovascular diseases ◼ epidemiology ◼ exercise ◼ public health ◼ sleep duration

Cardiometabolic diseases constitute a cluster of com-
mon, preventable, noncommunicable chronic con-
ditions and are some of the main contributors to 

deaths worldwide.1,2 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 HbA1c (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.3,4 Among the many forms of PA, 
stepping behavior is considered one of the most com-
mon and accessible indicators for PA promotion.5 Various 
metrics related to stepping have been linked to health 
outcomes, such as stepping rate, volume, and stepping 
intensity.6,7 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.5 Increasing daily step count has shown beneficial 

associations with markers of cardiometabolic risk, such 
as BMI, HbA1c, HDL, and triglycerides.5,8 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,8 CVD morbidity, 
and mortality.9,10

Sleep is a multidimensional behavior that is also 
recognized as a crucial risk factor for cardiometabolic 
health.11,12 Sleep regularity and sleep duration are 2 
important (health-related) dimensions of sleep. Sleep 
regularity13 reflects the day-to-day consistency in sleep/
wake pattern and has shown beneficial associations with 
both cardiometabolic and overall health.14–16 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.17 To date, the majority 
of epidemiological studies have used self-reported sleep 
data to estimate sleep parameters,18 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,19 and a 
discrepancy of around an hour less in sleep duration was 
found with accelerometry measurements compared with 
questionnaire reports.20

There is an evidence gap regarding the combined 
associations of sleep and PA with cardiometabolic mark-
ers, as they have primarily been examined independently. 
However, one behavior by itself cannot determine an 

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.

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
TMS	 The Maastricht Study
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individual’s health status.21 Sleep and PA are a pair of 
physical behaviors that have shown a synergistic and 
bidirectional relationship through behavioral and physi-
ological pathways.22,23 A recent joint analysis found that 
<7 or >9 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.24 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.25

METHODS
Sample
Participants in the current study were drawn from the pooled 
Prospective PA, Sitting, and Sleep data resource26,27 consist-
ing of 6 cohort studies: the ALSWH (Australian Longitudinal 
Study on Women’s Health, Australia; n=985),28,29 the BCS70 
(1970 British Birth Cohort Study, United Kingdom; n=5250),30 
the Danish PA Cohort (Denmark; n=834),31 the FIREA 
(Finnish Retirement and Aging Study, Finland; n=254),32 the 
NES (Nijmegen Exercise Study, the Netherlands; n=537),33 
and TMS (The Maastricht Study, the Netherlands; n=7514).34 
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.25,29,31,32,35–37 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 accel-
erometers were used: ActivPAL (ALSWH, BCS70, NES, and 
TMS), Axivity (FIREA), and ActiGraph (Danish PA Cohort).26,27 
There is a high accuracy and consistency in PA estimates across 
the different accelerometer brands.38 Although the ActiGraph is 

commonly 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.38 We used the previ-
ously validated ActiPASS, version 1.34,39 software, to detect 
nonwear periods40 and process and harmonize raw acceler-
ometer data.41 PA was identified using a decision tree–based 
deterministic algorithm,42 which has shown an accuracy over 
90% for walking and running detection.26 Signal SD and tilt 
angle were used to identify walking activities and the signal 
frequency domain to estimate the number of steps.42,43 Step 
counts were categorized into low (<8475 steps/d), medium 
(8475–11 553 steps/d), and high (>11 553 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.44 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),45 considering our device-based measurements 
and sample distribution.20,46 Sleep regularity was assessed 
using the sleep regularity index (SRI).47 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 0 (completely random) to 100 (perfectly regular).47 
Based on SRI 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/m2; 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.48 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.26 We 
inverted HDL cholesterol values as higher levels of HDL cho-
lesterol are associated with protection against CVD.49

Covariates
We selected covariates based on data availability and previous 
literature examining associations of sleep and PA with cardio-
metabolic risk markers.8,24,26,27 All 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, 
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 
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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 0 to 100). Full details of data harmonization pro-
cedures are provided elsewhere.26,27

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.50 The joint 
association between sleep and daily steps with risks of car-
diometabolic outcomes was examined using generalized linear 
models.48 The outcome variables, composite score for cardio-
metabolic health and individual biomarkers, were treated as 
continuous. Generalized linear model coefficients represent the 
mean differences between the reference category and each 
of the other joint sleep and step count groups.48 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 tertiles) and step counts (low, <8475 steps/d; 
medium, 8475–11 553 steps/d; and high >11 553 steps/d). 
For the sleep duration-step combination, we similarly catego-
rized 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 theoretically 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 cardiometabolic 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, mod-
els examining sleep regularity were adjusted for sleep dura-
tion, and models examining sleep duration were adjusted 
for sleep regularity. Using data available only in the ALSWH, 
BCS70, DPH, and TMS cohorts, sensitivity analyses addition-
ally 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 accelerometry 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 inclusion of both week-
days and weekends). Additional sensitivity analyses were per-
formed 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 predic-
tive mean matching method) to address missing covariate and 
outcome data. While compositional data analysis is a widely 
used method for examining relative proportions of time spent 
in different behaviors, it is not suited to our research question, 
which involved creating mutually exclusive participant groups 
and exploring sleep dimensions beyond total sleep time. All 

analyses were conducted using R statistical software (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 11 903 for BMI (Figure S1). The maximum sample 
of 11 903 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 acceler-
ometer 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 DPH, 1.7% from FIREA, and 1.0% from 
NES. Among all cohorts, NES was the most active, with 
a median daily step count of 12 076 steps/d, whereas 
TMS recorded the lowest median daily step count of 
9620 steps/d. Detailed participant 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 overall car-
diometabolic health (Figure 1). We observed that less 
regular sleep combined with lower total daily step count 
was associated with a more adverse cardiometabolic 
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% CI, 0.3–0.38) compared with the reference 
group with high sleep regularity (SRI >84.5) and high 
daily steps (>11 553 steps/d). Both shorter (<7 h) and 
longer (>8 h) sleep durations combined with lower total 
daily step count were associated with more adverse car-
diometabolic health profiles (Figure 1B). These results 
remained robust in all sensitivity analyses, including addi-
tional 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 S5); and when using multiple imputa-
tion for missing data; N=14 885 (Figure S6). The over-
all pattern of the joint association remained consistent 
after excluding individuals with prevalent CVD or medi-
cation use (N=5302; Figure S7), those with <7 days 
of valid accelerometry wear time (N=6705; Figure S8), 
or recategorizing participants based on age-specific 
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self-reported sleep duration recommendations although 
wider CIs were observed for the long sleep duration 
group due to smaller sample size and reduced statistical 
power (N=8892; Figure S9).

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 
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 (2.92 [2.61–3.24] kg/m2), 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 
and, in most cases, more irregular sleep were associated 

Table.  Participants’ Characteristics by Total Daily Steps (N=11 903)

Overall
Low  
(<8475 steps)

Medium  
(8475–11 553 steps)

High  
(>11 553 steps)

N 11 903 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)

 � DPH 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)

 � TMS 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) 7.42 (1.12) 7.13 (0.98) 6.93 (0.94)

Steps, count per day; mean (SD) 10 206.40 (3442.24) 6612.85 (1293.16) 9959.94 (876.53) 14 203.46 (2136.32)

Body mass index, kg/m2; 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) 98.36 (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) 37.17 (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; 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.
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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 

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

Joint Associations of Sleep Duration and Steps 
With Individual Cardiometabolic Health Markers
Sleep duration and daily steps showed joint associations 
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). Participants with 
shorter sleep duration and lower daily steps had a higher 

Figure 1. 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, 8475–11 553 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 (>11 553 
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.
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BMI (2.31 [1.98–2.65] kg/m2) and waist circumfer-
ence (7.01 [6.15–7.87] cm). The joint association 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 indications suggest-
ing that both short and long sleep, and a low number 
of steps increase the risk of elevated triglycerides (Fig-
ure 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 excluding 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 partici-
pants were recategorized according to age-specific rec-
ommendations for sleep duration (Figure S24).

DISCUSSION
To our knowledge, this is the first individual participant data 
meta-analysis to explore the joint associations of objec-
tively measured sleep patterns and daily step count with 
cardiometabolic health. Using a unique pooled harmonized 
resource, we found that sleep (regularity and duration) 
and daily step count were jointly associated with com-
posite 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 car-
diometabolic health score. For instance, participants with 
low regularity or short duration of sleep and low number of 
total daily steps had significantly higher (worse) compos-
ite cardiometabolic health risks compared with those with 
high sleep regularity or adequate sleep duration and high 
step counts. While we observed similar joint associations 

Figure 2. 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 (>11 553 steps/d). Adjusted for age, sex, cohort, smoking, alcohol consumption, self-rated health, medication use, 
prevalent cardiovascular disease, and sleep duration. N=11 903 (BMI, kg/m2), 11 710 (waist circumference, cm), 10 580 (HDL, mmol/L), 
10 579 (total cholesterol, mmol/L), 9291 (triglycerides, mmol/L), and 10 217 (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.
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across various individual biomarkers with irregular, inad-
equate sleep, and a low number of daily steps, in some 
instances, there were indications of a slightly different 
shape or nature of the associations.

Comparison to Existing Evidence and 
Hypothesized Mechanisms
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 HbA1c. 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 cardiometa-
bolic health markers, including higher BMI51 and waist 

circumference,52 lower HDL cholesterol,15 and outcome 
events such as obesity, hypertension, and CVD.53,54 Stud-
ies have also shown that lower volumes of daily steps 
were associated with higher risk for obesity, diabetes, 
and cardiovascular events.55–57 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.58 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.59 The 
combination of irregular sleep patterns and a low vol-
ume of daily steps could potentially amplify the negative 
effects on cardiometabolic health relative to each factor 

Figure 3. 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, 8475–11 553 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 (>11 553 steps/d). Adjusted for age, sex, cohort, smoking, alcohol consumption, self-rated health, 
medication use, prevalent cardiovascular disease, and sleep regularity. N=11 903 (BMI, kg/m2), 11 710 (waist circumference, cm), 10 580 
(HDL, mmol/L), 10 579 (total cholesterol, mmol/L), 9291 (triglycerides, mmol/L), and 10 217 (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.
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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 ≈11 000 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.17 Sleep duration and daily step count have been 
found to be separately associated with obesity and type 
2 diabetes.17,55,56,60 However, these movement behaviors 
are not entirely independent of each other, as shorter PA 
duration is associated with inadequate sleep duration.61 
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.24 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.62,63

Differences Across Cardiometabolic Outcomes
We also observed joint associations for sleep duration and 
total daily step count with HDL cholesterol and triglycer-
ides though these relationships were less pronounced 
compared with BMI and waist circumference. For some 
outcomes, for example, HDL cholesterol, the joint asso-
ciations were primarily driven by step counts. Specifically, 
lower daily steps were associated with lower HDL cho-
lesterol compared with those with adequate sleep dura-
tion and high step counts, regardless of sleep duration. 
This suggests that overall, PA volume, as quantified by 
step count, could play a more important role in regulat-
ing 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 levels, potentially 
due to directional pleiotropy,64 their results indicated that 
moderate-to-vigorous PA may be more strongly associ-
ated with HDL cholesterol levels than sleep duration. 
While longitudinal research is needed, our study sug-
gests that striving for higher daily step count is a promis-
ing strategy for mitigating the deleterious associations 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.65 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 risk14 
and quality of life in cancer populations.66 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.67 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.19 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% accuracy26,42 and 80% accuracy for sleep 
detection.44 Harmonizing PA and sleep data across mul-
tiple cohorts significantly strengthened the robustness of 
the observed joint associations.50,68 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, 
and short-term seasonal/weather-related variations in 
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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.69 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.

ARTICLE INFORMATION
Received December 12, 2024; accepted July 2, 2025.

Affiliations
Mackenzie Wearables Research Hub (W.B., M.N.A., R.K.B., N.A.K., E.S.), Faculty of 
Medicine and Health, School of Health Sciences (W.B., M.N.A., R.K.B., N.A.K., E.S.), 
Faculty of Medicine and Health, School of Public Health (A.T.-P.), Faculty of Medi-
cine and Health, Northern Clinical School (P.A.C.), and Sleep Research Group, 
Charles Perkins Centre (P.A.C.), The University of Sydney, NSW, Australia. Division 
of Surgery and Interventional Sciences, Institute of Sport Exercise and Health 
(J.M.B., M.H.), MRC Unit for Lifelong Health and Ageing, University College Lon-
don (UCL) Institute of Cardiovascular Science (A.D.H.), and UCL BHF Research 
Accelerator (A.D.H.), UCL, United Kingdom. UCL Hospitals NIHR Biomedical Re-
search Centre, United Kingdom (J.M.B., M.H., A.D.H.). School of Health Sciences, 
University of East Anglia, Norwich, United Kingdom (A.J.A., G.I.M.). School of Pub-
lic Health, The University of Queensland, Brisbane, Australia (H.-W.C., G.D.M.). 
Faculty of Medicine, Health, and Sports, Department of Sport Sciences, Villavi-
ciosa de Odón, Madrid, Spain (B.d.P.C.). Department of Public Health (K.S., S.S.) 

and Centre for Population Health Research (K.S., S.S.), University of Turku and 
Turku University Hospital, Finland. Department of Primary and Community Care 
(E.A.B.) and Department of Medical BioSciences, Exercise Physiology Research 
Group (D.H.J.T.), Radboud University Medical Center, Nijmegen, the Netherlands. 
Faculty of Sport Sciences, Department of Physical Education and Sports, Sport 
and Health University Research Institute, University of Granada, Spain (E.A.B.). 
Faculty of Health and Life Sciences, University of Exeter, United Kingdom 
(R.M.P.). Occupational and Environmental Medicine, Department of Medical Sci-
ences, Uppsala University, Sweden (P.J.J., P.H.). Occupational and Environmental 
Medicine, Uppsala University Hospital, Sweden (P.J.J.). Faculty of Medicine and 
Health Sciences, Department of Public Health and Nursing, HUNT Research 
Centre, Norwegian University of Science and Technology, Levanger (V.R.). School 
of Sport, Exercise and Health Sciences, Loughborough University, United King-
dom (L.B.S.). NIHR Leicester Biomedical Research Centre, University Hospitals 
of Leicester NHS Trust and the University of Leicester, United Kingdom (L.B.S.). 
Department of Sport Medicine, Norwegian School of Sport Sciences, Oslo (U.E.). 
Department of Chronic Diseases, Norwegian Public Health Institute, Oslo (U.E.). 
Division of Preventive Medicine, Brigham and Women’s Hospital and Harvard 
Medical School, Boston, MA (I-M.L.). Department of Epidemiology, Harvard TH 
Chan School of Public Health, Boston, MA (I-M.L.). Department of Respiratory 
and Sleep Medicine, Royal North Shore Hospital, St Leonards, NSW, Australia 
(P.A.C.). National Research Centre for the Working Environment, Copenhagen, 
Denmark (A.H.). Department of Social Medicine, CAPHRI Care and Public Health 
Research Institute, Maastricht University, the Netherlands (A.K.).

Acknowledgments
The data on which this research is based were drawn from 6 observational stud-
ies. The research included data from the ALSWH (Australian Longitudinal Study 
on Women’s Health) from the University of Newcastle, Australia, and The Uni-
versity of Queensland, Australia. The authors are grateful to the Australian Gov-
ernment Department of Health and Aged Care for funding and to the women 
who provided the survey data. The authors thank the following Prospective Physi-
cal Activity, Sitting, and Sleep Consortium collaborators for their contributions 
to the article: H. Savelberg (Department of Human Movement Sciences, School 
for Nutrition and Translational Research in Metabolism, Maastricht University, 
Maastricht, the Netherlands; B. de Galan and C. van de Kallen (Department of 
Internal Medicine, Maastricht University Medical Centre, Cardiovascular Research 
Institute Maastricht, Maastricht University, Maastricht, the Netherlands; and T. M. 
H. Eijsvogels (Department of Medical BioSciences, Radboud University Medical 
Center, Nijmegen, the Netherlands).

Sources of Funding
This study was funded by the British Heart Foundation (grant SP/F/20/150002). 
The establishment of the Prospective Physical Activity, Sitting, and Sleep (Pro-
PASS) Consortium was supported by an unrestricted 2018-20 grant from PAL 
Technologies (Glasgow, United Kingdom). Several aspects of the ProPASS Con-
sortium methods used in this article were funded by a National Health and Medi-
cal Research Council Ideas Grant (APP1194510). The Charles Perkins Centre 
(The University of Sydney, Australia) and the National Research Centre for the 
Working Environment (Copenhagen, Denmark) cofunded the technical proof-of-
concept study of the ProPASS Consortium that enabled the pooling of data from 
different brands of wearables. Dr Hamer is supported through the NIHR Universi-
ty College London Hospitals Biomedical Research Centre (grant NIHR203328). 
Dr Stamatakis is funded by a National Health and Medical Research Council 
Investigator Grant (APP1194510). Dr del Pozo Cruz is supported by the Gov-
ernment of Andalusia, Research Talent Recruitment Programme (grant EMER-
GIA 2020/00158). Dr Mielke is supported by a National Health and Medical 
Research Council Investigator Grant (APP2008702). Dr Mishra is supported by 
a National Health and Medical Research Council Principal Research Fellowship 
(grant APP1121844). Dr Bakker received funding from the European Union’s 
Horizon 2020 Research and Innovation Program under the Marie Skłodowska-
Curie grant agreement 101064851. FIREA (Finnish Retirement and Ag-
ing Study) is supported by the Academy of Finland (grants 286294, 294154, 
319246, and 332030), the Ministry of Education and Culture, the Juho Vainio 
Foundation, and the Finnish State Grants for Clinical Research. ActiPASS devel-
opment was partly funded by FORTE, the Swedish Research Council for Health, 
Working Life and Welfare (grant 2021–01561). ALSWH (Australian Longitudinal 
Study on Women’s Health) is funded by the Australian Government Department 
of Health and Aged Care, and its substudy, from which accelerometry and clini-
cal data were obtained, was funded by a National Health and Medical Research 
Council Project Grant (APP1129592). Dr Ahmadi is supported by the National 
Heart Foundation (grant APP107158). The funder had no specific role in any of 
the following study aspects: the design and conduct of the study; collection, man-
agement, analysis, and interpretation of the data; preparation, review, or approval 
of the article; and the decision to submit the article for publication.

D
ow

nloaded from
 http://ahajournals.org by on July 31, 2025



Circ Cardiovasc Qual Outcomes. 2025;18:e011873. DOI: 10.1161/CIRCOUTCOMES.124.011873� August 2025 11

Bian et al Sleep, Steps, and Cardiometabolic Health

Disclosures
Dr Stamatakis is a paid consultant and holds equity in Complement Theory, Inc, 
a US-based startup whose products and services relate to physical activity. The 
other authors report no conflicts.

Supplemental Material
Tables S1–S4
Figures S1–S24

REFERENCES
	 1.	 Roth GA, Mensah GA, Johnson CO, Addolorato G, Ammirati E, Baddour LM, 

Barengo NC, Beaton AZ, Benjamin EJ, Benziger CP, et al; GBD-NHLBI-
JACC Global Burden of Cardiovascular Diseases Writing Group. Global 
burden of cardiovascular diseases and risk factors, 1990–2019: update 
from the GBD 2019 study. J Am Coll Cardiol. 2020;76:2982–3021. doi: 
10.1016/j.jacc.2020.11.010

	 2.	 Abdul Basith Khan M, Hashim MJ, King JK, Govender RD, Mustafa H, 
Al Kaabi J. Epidemiology of type 2 diabetes — global burden of disease 
and forecasted trends. J Epidemiol Glob Health. 2020;10:107–111. doi: 
10.2991/jegh.k.191028.001

	 3.	 Visseren FLJ, Mach F, Smulders YM, Carballo D, Koskinas KC, Bäck M, 
Benetos A, Biffi A, Boavida J-M, Capodanno D, et al; ESC National Cardiac 
Societies. 2021 ESC guidelines on cardiovascular disease prevention in 
clinical practice: developed by the Task Force for Cardiovascular Disease 
Prevention in Clinical Practice with representatives of the European Soci-
ety of Cardiology and 12 medical societies with the special contribution of 
the European Association of Preventive Cardiology (EAPC). Eur Heart J. 
2021;42:3227–3337. doi: 10.1093/eurheartj/ehab484

	 4.	 Ahmadi MN, Hamer M, Gill JM, Murphy M, Sanders JP, Doherty A, 
Stamatakis E. Brief bouts of device-measured intermittent lifestyle physical 
activity and its association with major adverse cardiovascular events and 
mortality in people who do not exercise: a prospective cohort study. Lancet 
Public Health. 2023;8:e800–e810.

	 5.	 Bassett DR Jr, Toth LP, LaMunion SR, Crouter SE. Step counting: a review 
of measurement considerations and health-related applications. Sports 
Med. 2017;47:1303–1315. doi: 10.1007/s40279-016-0663-1

	 6.	 Wei L, Ahmadi MN, Chan H-W, Chastin S, Hamer M, Mishra GD, 
Stamatakis E. Association between device-measured stepping behaviors 
and cardiometabolic health markers in middle-aged women: the Aus-
tralian Longitudinal Study on Women’s Health. Scand J Med Sci Sports. 
2023;33:1384–1398. doi: 10.1111/sms.14363

	 7.	 del Pozo Cruz B, Ahmadi M, Naismith SL, Stamatakis E. Associa-
tion of daily step count and intensity with incident dementia in 78 
430 adults living in the UK. JAMA Neurol. 2022;79:1059–1063. doi: 
10.1001/jamaneurol.2022.2672

	 8.	 Hamer M, Blodgett JM, Stamatakis E. Dose-response association between 
step count and cardiovascular disease risk markers in middle-aged adults. 
Scand J Med Sci Sports. 2022;32:1161–1165. doi: 10.1111/sms.14173

	 9.	 del Pozo Cruz B, Ahmadi MN, Lee I-M, Stamatakis E. Prospective asso-
ciations of daily step counts and intensity with cancer and cardiovascular 
disease incidence and mortality and all-cause mortality. JAMA Intern Med. 
2022;182:1139–1148. doi: 10.1001/jamainternmed.2022.4000

	 10.	 Stens NA, Bakker EA, Mañas A, Buffart LM, Ortega FB, Lee DC, 
Thompson PD, Thijssen DHJ, Eijsvogels TMH. Relationship of daily step 
counts to all-cause mortality and cardiovascular events. J Am Coll Cardiol. 
2023;82:1483–1494. doi: 10.1016/j.jacc.2023.07.029

	 11.	 Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD, 
Hahn EJ, Himmelfarb CD, Khera A, Lloyd-Jones D, McEvoy JW, et al. 
2019 ACC/AHA guideline on the primary prevention of cardiovascular 
disease: a report of the American College of Cardiology/American Heart 
Association Task Force on Clinical Practice Guidelines. Circulation. 
2019;140:e596–e646. doi: 10.1161/CIR.0000000000000678

	 12.	 Buysse DJ. Sleep health: can we define it? Does it matter? Sleep. 
2014;37:9–17. doi: 10.5665/sleep.3298

	 13.	 Murray JM, Phillips AJ, Magee M, Sletten TL, Gordon C, Lovato N, Bei B, 
Bartlett DJ, Kennaway DJ, Lack LC, et al. Sleep regularity is associated 
with sleep-wake and circadian timing, and mediates daytime function in 
delayed sleep-wake phase disorder. Sleep Med. 2019;58:93–101. doi: 
10.1016/j.sleep.2019.03.009

	 14.	 Lunsford-Avery JR, Engelhard MM, Navar AM, Kollins SH. Validation of the 
sleep regularity index in older adults and associations with cardiometabolic 
risk. Sci Rep. 2018;8:14158. doi: 10.1038/s41598-018-32402-5

	 15.	 Huang T, Redline S. Cross-sectional and prospective associations of 
actigraphy-assessed sleep regularity with metabolic abnormalities: the 
multi-ethnic study of atherosclerosis. Diabetes Care. 2019;42:1422–1429. 
doi: 10.2337/dc19-0596

	 16.	 Chaput JP, Dutil C, Featherstone R, Ross R, Giangregorio L, Saunders TJ, 
Janssen I, Poitras VJ, Kho ME, Ross-White A, et al. Sleep timing, sleep con-
sistency, and health in adults: a systematic review. Appl Physiol Nutr Metab. 
2020;45:S232–S247. doi: 10.1139/apnm-2020-0032

	 17.	 Chaput J-P, Dutil C, Featherstone R, Ross R, Giangregorio L, Saunders TJ, 
Janssen I, Poitras VJ, Kho ME, Ross-White A, et al. Sleep duration and 
health in adults: an overview of systematic reviews. Appl Physiol Nutr 
Metab. 2020;45:S218–S231. doi: 10.1139/apnm-2020-0034

	 18.	 Dejenie TA, Admasu FT, Adella GA, Enyew EF, Kifle ZD, Seid MA, 
Mengstie MA, Abebe EC. Impact of objectively-measured sleep duration 
on cardiometabolic health: a systematic review of recent evidence. Front 
Endocrinol. 2022;13:1064969.

	 19.	 Lauderdale DS, Knutson KL, Yan LL, Liu K, Rathouz PJ. Self-reported 
and measured sleep duration: how similar are they? Epidemiology. 
2008;19:838–845. doi: 10.1097/EDE.0b013e318187a7b0

	 20.	 Cespedes EM, Hu FB, Redline S, Rosner B, Alcantara C, Cai J, Hall MH, 
Loredo JS, Mossavar-Rahmani Y, Ramos AR, et al. Comparison of self-
reported sleep duration with actigraphy: results from the Hispanic Commu-
nity Health Study/Study of Latinos Sueño Ancillary Study. Am J Epidemiol. 
2016;183:561–573. doi: 10.1093/aje/kwv251

	 21.	 Verswijveren SJJM, Dingle S, Donnelly AE, Dowd KP, Ridgers ND, 
Carson BP, Kearney PM, Harrington JM, Chappel SE, Powell C. How are 
different clusters of physical activity, sedentary, sleep, smoking, alcohol, 
and dietary behaviors associated with cardiometabolic health in older 
adults? A cross-sectional latent class analysis. J Act Sedentary Sleep 
Behav. 2023;2:16. doi: 10.1186/s44167-023-00025-5

	 22.	 Chennaoui M, Arnal PJ, Sauvet F, Léger D. Sleep and exercise: a reciprocal 
issue? Sleep Med Rev. 2015;20:59–72. doi: 10.1016/j.smrv.2014.06.008

	 23.	 Huang B-H, Hamer M, Duncan MJ, Cistulli PA, Stamatakis E. The bidi-
rectional association between sleep and physical activity: a 6.9 years 
longitudinal analysis of 38,601 UK Biobank participants. Prev Med. 
2021;143:106315. doi: 10.1016/j.ypmed.2020.106315

	 24.	 Huang B-H, Inan-Eroglu E, Hamer M, Stamatakis E. Joint associations of 
device-measured physical activity and sleep duration with cardiometabolic 
health in the 1970 British Cohort Study. J Sci Med Sport. 2020;23:1191–
1196. doi: 10.1016/j.jsams.2020.07.012

	 25.	 Stamatakis E, Koster A, Hamer M, Rangul V, Lee I-M, Bauman AE, Atkin AJ, 
Aadahl M, Matthews CE, Mork PJ. Emerging collaborative research plat-
forms for the next generation of physical activity, sleep and exercise medicine 
guidelines: the Prospective Physical Activity, Sitting, and Sleep Consortium 
(ProPASS). BMJ Publishing Group Ltd and British Association of Sport 
and Exercise Medicine; 2020:435–437.

	 26.	 Ahmadi MN, Blodgett JM, Atkin AJ, Chan H-W, del Pozo Cruz B, 
Suorsa K, Bakker EA, Pulsford RM, Mielke GI, Johansson PJ, et al. Rela-
tionship of device measured physical activity type and posture with cardio-
metabolic health markers: pooled dose–response associations from the 
Prospective Physical Activity, Sitting and Sleep Consortium. Diabetologia. 
2024;67:1051–1065. doi: 10.1007/s00125-024-06090-y

	 27.	 Blodgett JM, Ahmadi MN, Atkin AJ, Chastin S, Chan H-W, 
Suorsa K, Bakker EA, Hettiarcachchi P, Johansson PJ, Sherar LB, et al. 
Device-measured physical activity and cardiometabolic health: the Pro-
spective Physical Activity, Sitting, and Sleep (ProPASS) Consortium. Eur 
Heart J. 2023;45:458–471. doi: 10.1093/eurheartj/ehad717

	 28.	 Lee C, Dobson AJ, Brown WJ, Bryson L, Byles J, Warner-Smith P, Young AF. 
Cohort profile: the Australian longitudinal study on women’s health. Int J 
Epidemiol. 2005;34:987–991. doi: 10.1093/ije/dyi098

	 29.	 Chan H-W, Dharmage S, Dobson A, Chung H-F, Loxton D, Doust J, 
Montgomery G, Stamatakis E, Huxley RR, Hamer M, et al. Cohort profile: a 
prospective Australian cohort study of women’s reproductive characteris-
tics and risk of chronic disease from Menarche to Premenopause (M-PreM). 
BMJ Open. 2022;12:e064333. doi: 10.1136/bmjopen-2022-064333

	 30.	 Hamer M, Stamatakis E, Chastin S, Pearson N, Brown M, Gilbert E, 
Sullivan A. Feasibility of measuring sedentary time using data from a thigh-
worn accelerometer: the 1970 British Cohort Study. Am J Epidemiol. 
2020;189:963–971. doi: 10.1093/aje/kwaa047

	 31.	 Jørgensen MB, Gupta N, Korshøj M, Lagersted-Olsen J, Villumsen M, 
Mortensen OS, Skotte J, Søgaard K, Madeleine P, Samani A, et al. The 
DPhacto cohort: an overview of technically measured physical activity at 
work and leisure in blue-collar sectors for practitioners and researchers. 
Appl Ergon. 2019;77:29–39. doi: 10.1016/j.apergo.2019.01.003

D
ow

nloaded from
 http://ahajournals.org by on July 31, 2025



Circ Cardiovasc Qual Outcomes. 2025;18:e011873. DOI: 10.1161/CIRCOUTCOMES.124.011873� August 2025 12

Bian et al Sleep, Steps, and Cardiometabolic Health

	 32.	 Leskinen T, Pulakka A, Heinonen OJ, Pentti J, Kivimäki M, Vahtera J, Stenholm S. 
Changes in non-occupational sedentary behaviours across the retirement 
transition: the Finnish Retirement and Aging (FIREA) study. J Epidemiol 
Community Health. 2018;72:695–701. doi: 10.1136/jech-2017-209958

	 33.	 Maessen MF, Eijsvogels TM, Verheggen RJ, Hopman MT, Verbeek AL, 
Vegt F. Entering a new era of body indices: the feasibility of a body shape 
index and body roundness index to identify cardiovascular health status. 
PLoS One. 2014;9:e107212. doi: 10.1371/journal.pone.0107212

	 34.	 Koster A. Thigh-worn accelerometer data in The Maastricht Study. Innov 
Aging. 2020;4:763–764. doi: 10.1093/geroni/igaa057.2756

	 35.	 Schram MT, Sep SJ, Van Der Kallen CJ, Dagnelie PC, Koster A, 
Schaper N, Henry RM, Stehouwer CD. The Maastricht Study: an exten-
sive phenotyping study on determinants of type 2 diabetes, its compli-
cations and its comorbidities. Eur J Epidemiol. 2014;29:439–451. doi: 
10.1007/s10654-014-9889-0

	 36.	 Elliott J, Shepherd P. Cohort profile: 1970 British Birth Cohort (BCS70). Int 
J Epidemiol. 2006;35:836–843. doi: 10.1093/ije/dyl174

	 37.	 Maessen MF, Verbeek AL, Bakker EA, Thompson PD, Hopman MT, 
Eijsvogels TM. Lifelong exercise patterns and cardiovascular health. Mayo 
Clin Proc. 2016;91:745–754 10.1016/j.mayocp.2016.02.028

	 38.	 Crowley P, Skotte J, Stamatakis E, Hamer M, Aadahl M, Stevens ML, Rangul V, 
Mork PJ, Holtermann A. Comparison of physical behavior estimates from 
three different thigh-worn accelerometers brands: a proof-of-concept for 
the Prospective Physical Activity, Sitting, and Sleep Consortium (ProPASS). 
Int J Behav Nutr Phys Act. 2019;16:65. doi: 10.1186/s12966-019-0835-0

	 39.	 Hettiarachchi P, Johansson P. ActiPASS (version 1.34) [computer soft-
ware]. 2024. doi: 10.5281/zenodo.7701098

	 40.	 Ahmadi MN, Nathan N, Sutherland R, Wolfenden L, Trost SG. Non-
wear or sleep? Evaluation of five non-wear detection algorithms 
for raw accelerometer data. J Sports Sci. 2020;38:399–404. doi: 
10.1080/02640414.2019.1703301

	 41.	 Stemland I, Ingebrigtsen J, Christiansen CS, Jensen BR, Hanisch C, 
Skotte J, Holtermann A. Validity of the Acti4 method for detection of physi-
cal activity types in free-living settings: comparison with video analysis. 
Ergonomics. 2015;58:953–965. doi: 10.1080/00140139.2014.998724

	 42.	 Skotte J, Korshøj M, Kristiansen J, Hanisch C, Holtermann A. Detection 
of physical activity types using triaxial accelerometers. J Phys Act Health. 
2014;11:76–84. doi: 10.1123/jpah.2011-0347

	 43.	 Ingebrigtsen J, Stemland I, Christiansen C, Skotte J, Hanisch C, 
Krustrup P, Holtermann A. Validation of a commercial and custom made 
accelerometer-based software for step count and frequency during walk-
ing and running. 2013. doi: 10.4172/2165-7556.1000119

	 44.	 Johansson PJ, Crowley P, Axelsson J, Franklin K, Garde AH, 
Hettiarachchi P, Holtermann A, Kecklund G, Lindberg E, Ljunggren M, et 
al. Development and performance of a sleep estimation algorithm using a 
single accelerometer placed on the thigh: an evaluation against polysom-
nography. J Sleep Res. 2023;32:e13725. doi: 10.1111/jsr.13725

	 45.	 Hirshkowitz M, Whiton K, Albert SM, Alessi C, Bruni O, DonCarlos L, 
Hazen N, Herman J, Adams Hillard PJ, Katz ES, et al. National Sleep Foun-
dation’s updated sleep duration recommendations: final report. Sleep 
Health. 2015;1:233–243. doi: 10.1016/j.sleh.2015.10.004

	 46.	 Chaput JP, Dutil C, Sampasa-Kanyinga H. Sleeping hours: what is the ideal 
number and how does age impact this? Nat Sci Sleep. 2018;10:421–430. 
doi: 10.2147/NSS.S163071

	 47.	 Phillips AJ, Clerx WM, O’Brien CS, Sano A, Barger LK, 
Picard RW, Lockley SW, Klerman EB, Czeisler CA. Irregular sleep/
wake patterns are associated with poorer academic performance and 
delayed circadian and sleep/wake timing. Sci Rep. 2017;7:3216. doi: 
10.1038/s41598-017-03171-4

	 48.	 Stamatakis E, Hamer M, Mishra GD. Early adulthood television view-
ing and cardiometabolic risk profiles in early middle age: results from a 
population, prospective cohort study. Diabetologia. 2012;55:311–320. doi: 
10.1007/s00125-011-2358-3

	 49.	 März W, Kleber ME, Scharnagl H, Speer T, Zewinger S, Ritsch A, 
Parhofer KG, von Eckardstein A, Landmesser U, Laufs U. HDL cholesterol: 
reappraisal of its clinical relevance. Clin Res Cardiol. 2017;106:663–675. 
doi: 10.1007/s00392-017-1106-1

	 50.	 Riley RD, Lambert PC, Abo-Zaid G. Meta-analysis of individual partici-
pant data: rationale, conduct, and reporting. BMJ. 2010;340:c221. doi: 
10.1136/bmj.c221

	 51.	 Wong PM, Barker D, Roane BM, Van Reen E, Carskadon MA. Sleep 
regularity and body mass index: findings from a prospective study 
of first-year college students. Sleep Adv. 2022;3:zpac004. doi: 
10.1093/sleepadvances/zpac004

	 52.	 Nauha L, Farrahi V, Jurvelin H, Jämsä T, Niemelä M, Ala-Mursula L, 
Kangas M, Korpelainen R. Regularity of bedtime, wake-up time, and time 
in bed in mid-life: associations with cardiometabolic health markers with 
adjustment for physical activity and sedentary time. J Act Sedentary Sleep 
Behav. 2024;3:2. doi: 10.1186/s44167-023-00040-6

	 53.	 Makarem N, Zuraikat FM, Aggarwal B, Jelic S, St-Onge M-P. Variability in 
sleep patterns: an emerging risk factor for hypertension. Curr Hypertens 
Rep. 2020;22:19. doi: 10.1007/s11906-020-1025-9

	 54.	 Huang T, Mariani S, Redline S. Sleep irregularity and risk of cardiovas-
cular events: the multi-ethnic study of atherosclerosis. J Am Coll Cardiol. 
2020;75:991–999. doi: 10.1016/j.jacc.2019.12.054

	 55.	 Dwyer T, Hosmer D, Hosmer T, Venn A, Blizzard C, Granger R, Cochrane J, 
Blair S, Shaw JE, Zimmet PZ. The inverse relationship between number 
of steps per day and obesity in a population-based sample–the AusDiab 
study. Int J Obes. 2007;31:797–804. doi: 10.1038/sj.ijo.0803472

	 56.	 Kraus WE, Janz KF, Powell KE, Campbell WW, Jakicic JM, Troiano RP, 
Sprow K, Torres A, Piercy KL, Committee PAGA. Daily step counts for 
measuring physical activity exposure and its relation to health. Med Sci 
Sports Exerc. 2019;51:1206. doi: 10.1249/MSS.0000000000001932

	 57.	 Sheng M, Yang J, Bao M, Chen T, Cai R, Zhang N, Chen H, Liu M, Wu X, 
Zhang B, et al. The relationships between step count and all-cause mor-
tality and cardiovascular events: a dose–response meta-analysis. J Sport 
Health Sci. 2021;10:620–628. doi: 10.1016/j.jshs.2021.09.004

	 58.	 Telford RD. Low physical activity and obesity: causes of chronic disease 
or simply predictors? Med Sci Sports Exerc. 2007;39:1233–1240. doi: 
10.1249/mss.0b013e31806215b7

	 59.	 Depner CM, Stothard ER, Wright KP. Metabolic consequences of 
sleep and circadian disorders. Curr Diab Rep. 2014;14:507. doi: 
10.1007/s11892-014-0507-z

	 60.	 St-Onge M-P, Grandner MA, Brown D, Conroy MB, Jean-Louis G, Coons M, 
Bhatt DL; American Heart Association Obesity, Behavior Change, Diabe-
tes, and Nutrition Committees of the Council on Lifestyle and Cardiometa-
bolic Health; Council on Cardiovascular Disease in the Young; Council on 
Clinical Cardiology; and Stroke Council. Sleep duration and quality: impact 
on lifestyle behaviors and cardiometabolic health: a scientific statement 
from the American Heart Association. Circulation. 2016;134:e367–e386. 
doi: 10.1161/CIR.0000000000000444

	 61.	 Hooker SA, Oswald LB, Reid KJ, Baron KG. Do physical activity, caloric 
intake, and sleep vary together day to day? exploration of intraindividual 
variability in 3 key health behaviors. J Phys Act Health. 2020;17:45–51. 
doi: 10.1123/jpah.2019-0207

	 62.	 Liang YY, Feng H, Chen Y, Jin X, Xue H, Zhou M, Ma H, Ai S, Wing YK, 
Geng Q, et al. Joint association of physical activity and sleep duration with 
risk of all-cause and cause-specific mortality: a population-based cohort 
study using accelerometry. Eur J Prev Cardiol. 2023;30:832–843. doi: 
10.1093/eurjpc/zwad060

	 63.	 Chen LJ, Hamer M, Lai YJ, Huang BH, Ku PW, Stamatakis E. Can physi-
cal activity eliminate the mortality risk associated with poor sleep? A 
15-year follow-up of 341,248 MJ Cohort participants. J Sport Health Sci. 
2022;11:596–604. doi: 10.1016/j.jshs.2021.03.001

	 64.	 Zhuang Z, Gao M, Yang R, Li N, Liu Z, Cao W, Huang T. Association of 
physical activity, sedentary behaviours and sleep duration with cardiovas-
cular diseases and lipid profiles: a Mendelian randomization analysis. Lipids 
Health Dis. 2020;19:86. doi: 10.1186/s12944-020-01257-z

	 65.	 Windred DP, Burns AC, Lane JM, Saxena R, Rutter MK, Cain SW, 
Phillips AJK. Sleep regularity is a stronger predictor of mortality risk than 
sleep duration: a prospective cohort study. Sleep. 2024;47:zsad253. doi: 
10.1093/sleep/zsad253

	 66.	 Trivedi R, Man H, Madut A, Mather M, Elder E, Dhillon HM, Brand A, 
Howle J, Mann G, DeFazio A, et al. Irregular sleep/wake patterns are asso-
ciated with reduced quality of life in post-treatment cancer patients: a 
study across three cancer cohorts. Front Neurosci. 2021;15:700923. doi: 
10.3389/fnins.2021.700923

	 67.	 Ogura Y, Koyama T, Ozaki E, Omichi C, Uehara R. Subjective irregular 
sleep is associated with metabolic syndrome: a cross-sectional study. Prev 
Med Rep. 2022;28:101844. doi: 10.1016/j.pmedr.2022.101844

	 68.	 Ioannidis J. Next-generation systematic reviews: prospective meta-
analysis, individual-level data, networks and umbrella reviews. BMJ Publish-
ing Group Ltd and British Association of Sport and Exercise Medicine; 
2017:1456–1458.

	 69.	 Si S, Tewara MA, Li Y, Li W, Chen X, Yuan T, Liu C, Li J, Wang B, Li H, et 
al. Causal pathways from body components and regional fat to extensive 
metabolic phenotypes: a Mendelian randomization study. Obesity (Silver 
Spring). 2020;28:1536–1549. doi: 10.1002/oby.22857

D
ow

nloaded from
 http://ahajournals.org by on July 31, 2025


	Device-Measured Sleep Characteristics, Daily Step Count, and Cardiometabolic Health Markers: Findings From the Prospective Physical Activity, Sitting, and Sleep (ProPASS) Consortium
	Methods
	Sample
	PA and Sleep Measurements
	Cardiometabolic Outcomes
	Covariates
	Statistical Analyses

	Results
	Sample
	Joint Associations of Sleep and Steps With a Composite Cardiometabolic Health Score
	Joint Associations of Sleep Regularity and Steps With Individual Cardiometabolic Health Markers
	Joint Associations of Sleep Duration and Steps With Individual Cardiometabolic Health Markers

	Discussion
	Comparison to Existing Evidence and Hypothesized Mechanisms
	Differences Across Cardiometabolic Outcomes
	Comparison Between Sleep Patterns
	Strengths and Limitations
	Conclusions

	ARTICLE INFORMATION
	Affiliations
	Acknowledgments
	Sources of Funding
	Disclosures
	Supplemental Material

	References


