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Abstract
Aims/hypothesis The aim of this study was to examine the dose–response associations of device-measured physical activity 
types and postures (sitting and standing time) with cardiometabolic health.
Methods We conducted an individual participant harmonised meta-analysis of 12,095 adults (mean ± SD age 54.5±9.6 years; female 
participants 54.8%) from six cohorts with thigh-worn accelerometry data from the Prospective Physical Activity, Sitting and Sleep 
(ProPASS) Consortium. Associations of daily walking, stair climbing, running, standing and sitting time with a composite cardiometa-
bolic health score (based on standardised z scores) and individual cardiometabolic markers (BMI, waist circumference, triglycerides, 
HDL-cholesterol,  HbA1c and total cholesterol) were examined cross-sectionally using generalised linear modelling and cubic splines.
Results We observed more favourable composite cardiometabolic health (i.e. z score <0) with approximately 64 min/day 
walking (z score [95% CI] −0.14 [−0.25, −0.02]) and 5 min/day stair climbing (−0.14 [−0.24, −0.03]). We observed an 
equivalent magnitude of association at 2.6 h/day standing. Any amount of running was associated with better composite 
cardiometabolic health. We did not observe an upper limit to the magnitude of the dose–response associations for any activ-
ity type or standing. There was an inverse dose–response association between sitting time and composite cardiometabolic 
health that became markedly less favourable when daily durations exceeded 12.1 h/day. Associations for sitting time were 
no longer significant after excluding participants with prevalent CVD or medication use. The dose–response pattern was 
generally consistent between activity and posture types and individual cardiometabolic health markers.
Conclusions/interpretation In this first activity type-specific analysis of device-based physical activity, ~64 min/day of 
walking and ~5.0 min/day of stair climbing were associated with a favourable cardiometabolic risk profile. The deleterious 
associations of sitting time were fully attenuated after exclusion of participants with prevalent CVD and medication use. 
Our findings on cardiometabolic health and durations of different activities of daily living and posture may guide future 
interventions involving lifestyle modification.

Keywords Cardiometabolic health · Individual participant meta-analysis · Physical activity type · Posture · Running · 
Sitting · Stair climbing · Standing · Walking · Wearables
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Introduction

Cardiometabolic risk factors tend to cluster through abnormal 
metabolic, lipid and non-lipid profiles, leading to increased 
risk of the development and progression of CVD. It is esti-
mated that more than a quarter of the world’s population will 
have impaired glucose tolerance by 2045, with 10.9% diag-
nosed with diabetes [1]. Currently, more than a third of the 
population is living with hypertension [2], approximately a 
quarter are classified as overweight, and an additional 13% 
are classified as obese [3, 4]. Low physical activity and high 
sedentary time are leading behavioural risk factors [5, 6] for 
cardiometabolic diseases, but there is a dearth of informa-
tion on the dose–response relationships between daily time 
spent in different physical activity types and postures (sit-
ting, standing) and key cardiometabolic outcomes. The latest 
American Heart Association [6] and European Society of 
Cardiology [5] reports have identified the need to improve 
physical activity prescription through accessible forms of 
daily activity. Similarly, the 2020 WHO Guidelines Devel-
opment Group highlighted the paucity of evidence on the 
dose–response relationship of physical activity types with 
health outcomes and emphasised the value of device-based 
measurement [7] captured in free-living environments.

Research on the health effects of physical activity has pre-
dominantly focused on amounts of intensity-specific physi-
cal activity, usually measured through questionnaires. Self-
reported physical activity measures are limited as they capture 
only continuous physical activity blocks lasting a minimum 
of 10–15 min, are unable to accurately measure posture (e.g. 
standing time) and are susceptible to recall and social desir-
ability bias [8]. Previous device-based methods relied on accel-
eration magnitude cut-points to classify activity by intensity, 
but these cannot determine activity type or posture (e.g. sit-
ting vs standing). Studies using advanced device data curation 
techniques, which are able to quantify movement and posture 
at a very high resolution, have identified ‘micropatterns’ of 
physical activity that are associated with lower mortality [9, 
10] and disease incidence [11, 12] risk. Although these wrist 
device-based outcomes are a significant advance over previous 
evidence, these studies are limited in assessing associations 
of posture and physical activity types, including activities of 
daily living such as stair climbing and running, with health 
outcomes. Thigh-worn accelerometry, in addition to measur-
ing ambulatory activity type, can differentiate between sitting 
and standing postures using the tilt angle of the thigh with 
a high degree of accuracy and consistency [13, 14]. Cross-
sectional, single-cohort analyses have shown associations 
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of physical activity or posture with cardiometabolic health 
markers, although there have been mixed findings for  HbA1c 
[15–17], which is an important marker for diabetes risk and 
prognosis, in addition to risk of CHD and stroke [18, 19]. 
Individual participant data meta-analyses (harmonisation of 
individual participant data from multiple cohorts into a single 
dataset [20]) of thigh-worn accelerometry and cardiometabolic 
health markers may improve precision and statistical power, 
and the generalisability of findings, and possibly provide fur-
ther clarity to previously inconclusive research. Interventions, 
using thigh-worn accelerometers, have shown that increased 
standing time and reductions in sitting time can improve car-
diometabolic health outcomes under structured and controlled 
conditions [21–23]. However, the translatability of these inter-
ventions to real-world environments and comparability to 
ambulatory activity types remain largely unknown.

Using data from the largest pooled thigh-worn acceler-
ometry resource currently available, we conducted a harmo-
nised individual participant data meta-analysis of six cohorts 
to examine the cross-sectional dose–response associations of 
device-measured physical activity types (walking, stair climb-
ing, running) and postures (sitting, standing) with cardiometa-
bolic health markers.

Methods

Studies

The Prospective Physical Activity, Sitting and Sleep (ProPASS) 
Consortium is a data resource and research methods develop-
ment platform that brings together existing and future observa-
tional studies of device-measured movement behaviours [24, 
25]. The current analyses included pooled individual participant 
data from six of the ProPASS population cohorts with available 
cardiometabolic outcomes: the Australian Longitudinal Study on 
Women’s Health (ALSWH) [26, 27], 1970 British Cohort Study 
(BCS70) [28], Danish Physical Activity Cohort (DPhacto) [29], 
Finnish Retirement and Aging Study (FIREA) [30], Nijmegen 
Exercise Study [31] and The Maastricht Study [32]. In total, 
15,168 participants had ≥1 day of valid accelerometer data [33] 
(≥20 h of wear time and ≥3 h of sleep). We excluded participants 
with missing covariate data or missing outcomes (electronic sup-
plementary material [ESM] Fig. 1). When collected, participant 
ethnicity was self-reported. Participant sex and gender were not 
considered as part of the study design. The study findings are 
generalisable to the sexes included in the study population.

Harmonisation of physical activity type and posture

Participants in each cohort were instructed to wear a tri-
axial accelerometer capturing raw signal data on their thigh 

for 24 h a day for 7 days. All accelerometry data cleaning, 
processing and harmonisation was conducted at the Uni-
versity of Sydney. To ensure consistency in data cleaning 
and standardisation in processing of accelerometer data, we 
used a specialised and validated software (ActiPASS v1.32) 
[34]. ActiPASS autocorrects for device orientation and uses 
standard procedures for device calibration and identification 
of non-wear time [35, 36]. Physical activity and posture were 
classified in 2 s windows with a 50% overlap (resolution of  
1 s windows) using a decision tree (Acti4) [37]. The 
ALSWH, BCS70, Nijmegen Exercise Study and Maastricht 
Study used ActivPAL monitors (sampling frequency 20 Hz); 
FIREA used Axivity monitors (sampling frequency 100 Hz); 
and DPhacto used ActiGraph monitors (sampling frequency 
30 Hz).The decision tree model has been shown to have 
good to excellent accuracy (>90% for sitting, walking and 
running) for activity type and posture predictions between 
different monitors [13, 14]. A complete description of the 
decision tree physical activity type and posture classifier and 
independent validation are provided in ESM Methods. The 
signal SD and tilt angle were used to classify fundamental 
activities and postures such as walking, stair climbing, run-
ning, sitting and standing [37]. Sleep was classified using 
a second decision tree [38]. Mean daily time spent in each 
activity type and posture was derived by dividing the total 
duration for individual activity types and postures by the 
total number of valid wear days for each participant.

Cardiometabolic health

During clinic or home visits, staff from each cohort recorded 
participants’ height, weight and waist circumference using 
standard procedures. Participants from all cohorts except 
DPhacto provided blood samples for measurement of HDL-
cholesterol, total cholesterol, triglycerides and  HbA1c. Blood 
biomarker assessment procedures and assay coefficients of 
variations by cohort are provided in ESM Table 1.

Standardised values (z scores based on composite sample 
distribution) for normalised cardiometabolic markers were cal-
culated [39]. A composite cardiometabolic health score was 
calculated as the mean of the normally distributed six stand-
ardised scores. For HDL-cholesterol, values were inverted, as 
higher HDL-cholesterol levels are protective for CVD [40]. 
Sex-specific waist circumference scores were generated to 
align with sex-specific guidelines [41]. A z score of 1 indicates 
a score of 1 SD above the mean (z=0) of the sample, and lower 
composite scores represent better cardiometabolic health.

Covariates

For each participating cohort, covariates were measured 
during clinic or home visits and chosen a priori based on 
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previous literature indicating that they were likely confound-
ers [33, 42, 43] These were age (years), sex (male/female), 
smoking status (non-smoker/current smoker), alcohol con-
sumption (cohort-specific tertiles based on weekly consump-
tion), self-rated health (5 point Likert scale), self-reported 
medication use (blood pressure, glucose and lipid-lowering 
medications), self-reported history of CVD, and cohort. 
Fasting status was included as a covariate for analyses 
that included blood biomarker outcomes. Accelerometer-
measured sleep duration (hours/day) was also included as a 
covariate. Daily duration of physical activity types, stand-
ing and sitting were mutually adjusted for each other using 
the residual method [44], consistent with previous studies 
assessing physical activity over a fixed time interval. For 
example, in analyses with walking as the exposure, total 
duration of physical activity was regressed on walking time 
with the residuals of total physical activity duration used as 
covariates in our model. A subset of cohorts provided infor-
mation on highest attained education (n=4 cohorts; high 
school, further education, university/college education or 
higher), occupational class (n=5 cohorts; not working, low 
occupational class, intermediate occupational class, high 
occupational class) and functional mobility (n=4 cohorts; 
ten item questionnaire scores ranging from 0 [lowest] to 100 
[highest]). Covariate harmonisation procedures are provided 
in ESM Table 2.

Analyses

We conducted a one-stage individual participant data meta-
analysis [20] using generalised linear regression to estimate 
the association of the exposures with compositive cardio-
metabolic health, BMI, waist circumference, HDL-choles-
terol, triglycerides,  HbA1c and total cholesterol. Data are 
presented as beta coefficients with 95% CIs. Assumptions for 
regression analyses were checked using residuals and lever-
age vs residual squared plots. To account for potential non-
linearity of the association between physical activity types 
(walking, running, stairs) and postures (sitting, standing) 
and each outcome, we used restricted cubic spline modelling 
with knots at the 10th, 50th and 90th percentiles. Departure 
from linearity was assessed using a Wald test, examining 
the null hypothesis that the coefficient of the second spline 
was equal to 0.

In sensitivity analyses of composite cardiometabolic 
health, for participants with available data (i.e. ALSWH, 
BCS70 and The Maastricht Study), we included adjustments 
for socioeconomic status (education and occupational class) 
and functional mobility. We also repeated our analyses after 
excluding participants with prevalent CVD (n=1162) or 
medication use (blood pressure, glucose or lipid-lowering 
medications; n=3360). To assess if the associations of sitting 
time with cardiometabolic health varied by daily duration of 

different activity types, we performed a stratified analysis by 
grouping walking and stair climbing into low, medium and 
high categories. To assess the influence of missing data, we 
included an analysis of composite cardiometabolic health 
using multiple imputation by chained equations for missing 
covariate data [45]. We tested for interactions (ANOVA) 
between each exposure sex. If an interaction was signifi-
cant, we performed additional analyses stratified by sex. To 
account for associations that might be due to differences in 
the absolute time spent in different physical activity types 
and postures, we performed an analysis for composite car-
diometabolic health with time standardised (z score) for each 
exposure.

We performed all analyses using R statistical software 
(version 4.3.1; Vienna, Austria) with the rms package (ver-
sion 6.7.0). We report this study in accordance with the 
Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses of individual participant data (PRISMA IPD 
checklist; see ESM).

Results

Participant characteristics

Our analytical sample included 12,095 participants. Descrip-
tions of the individual cardiometabolic markers and par-
ticipant characteristics by cohort are provided in Table 1. 
Mean age was 54.5 years (SD 9.6), 54.8% of participants 
were female and 43.5% had very good to excellent self-rated 
health. Participants in the Nijmegen Exercise Study cohort 
had the highest observed stair climbing time (median [IQR] 
9.5 [6.3, 14.9] min/day) and participants in DPhacto had 
the highest walking time (98.1 [79.8, 121.8] min/day). Col-
lectively, participants from the FIREA, Nijmegen Exercise 
Study and Maastricht Study cohorts had the highest sitting 
time, at a median of >10 h/day. The characteristics of the 
excluded participants are shown in ESM Table 3.

Multivariable adjusted dose–response associations 
of activity type and posture with a composite 
cardiometabolic health score

Running and stair climbing had the strongest relationship 
with cardiometabolic health in terms of activity duration and 
association magnitude (Fig. 1a). For example, any duration 
of running and ~5 min/day of stair climbing were associated 
with more favourable cardiometabolic health (i.e. z score 
<0; ~5 min/day of stair climbing z score [95% CI] −0.14 
[−0.24, −0.03]). When stair climbing exceeded 5.0 min/day, 
every additional minute up to 12 min/day was associated 
with a mean z score change of −0.09 [−0.10, −0.08]. For the 
same time interval, every additional minute of running was 
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associated with a z score change of −0.11 (−0.13, −0.09). 
Walking 64 min/day was associated with more favourable 
cardiometabolic health and a z score of −0.14 (−0.25, 

−0.02). The dose–response association gradient of walk-
ing and cardiometabolic health became less steep after 113 
min/day of walking (e.g. z score change of <0.01 for every 

Fig. 1  Association of physical activity types (a) and posture (b) with 
overall cardiometabolic health. Adjusted for age, sex, smoking, alco-
hol consumption, sleep duration, self-rated health, medication use, 
prevalent CVD and cohort, and mutually adjusted for physical activ-
ity types and posture using the residual method. n=9001. Data shown 

are point estimates (95% CI). The horizontal dotted line indicates a z 
score of 0. Histograms represent the time distribution for each activ-
ity type and posture. Covariate effect size estimates are shown in 
ESM Table 4

Fig. 2  Association of physical activity types and posture with BMI 
(a) and waist circumference in men (b) and women (c). Adjusted 
for age, sex, smoking, alcohol consumption, sleep duration, self-
rated health, medication use, prevalent CVD and cohort, and mutu-

ally adjusted for physical activity types and posture using the resid-
ual method. BMI, n=12,095; waist circumference, n=11,897. Data 
shown are point estimates (95% CI). Histograms represent the time 
distribution for each activity type and posture
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additional minute of walking). In comparison, a minimum of 
2.6 h/day (156 min/day) of standing (z score −0.14 [−0.25, 
−0.03]) was required to observe more favourable cardiomet-
abolic health (Fig. 1b). For sitting time, the dose–response 
association became more pronounced at greater than 10 h/day, 
with greater than 12.1 h/day sitting time associated with an 
unfavourable cardiometabolic profile (i.e. z score >0; Fig. 1b).

Multivariable adjusted dose–response associations 
of activity type and posture with individual 
cardiometabolic health markers

Adiposity markers We observed an inverse dose–response 
association of standing, walking, stair climbing and running 
with BMI, although the magnitude of association differed 
across time for these physical activity types and posture 
(Fig. 2a). For example, 2.9 (95% CI 2.7, 3.1) h/day of stand-
ing, 72.4 (67.8, 78.2) min/day of walking, 6.1 (5.7, 6.6) min/
day of stair climbing and 1.2 (0.8, 2.0) min/day of running 
were associated with a BMI of 27.0 kg/m2 (sample mean). 
The dose–response association for standing, walking and 
stair climbing began to level off at approximately 3.5 h/day, 
90 min/day and 10 min/day, respectively. Higher sitting time 
was associated with higher BMI, with changes in the magni-
tude of association becoming pronounced between 9.5 and 
10.5 h/day. These association patterns were similar for waist 
circumference stratified by sex (Fig. 2b,c). For both men and 
women, the dose–response association for standing, walking 
and stair climbing levelled off at approximately 3.2 h/day, 90 
min/day and 10 min/day, respectively.

Biomarkers We observed an inverse association of time 
spent in each activity type and standing with total cholesterol 
(Fig. 3a). There was a stronger magnitude of association for 
stair climbing and running for a given total cholesterol level. 
For example, 3.5 (95% CI 3.1, 3.9) h/day of standing, 105.4 
(91.2, 121.6) min/day of walking, 11.3 (8.3, 14.9) min/day 
of stair climbing and 1.4 (0.6, 3.8) min/day of running were 
associated with a total cholesterol level of 3.9 mmol/l (indic-
ative of low CVD risk [46, 47]). The magnitude of asso-
ciations for stair climbing and running were nearly parallel 
for activity levels between 2 min/day and 12 min/day, with 
about a 0.17 mmol/l difference in total cholesterol (e.g. 4% 
difference). We observed a linear association between total 
cholesterol and sitting time up to 10.4 (10.1, 10.7) h/day.

For every additional minute of stair climbing or running, tri-
glyceride levels were lower by a mean of −0.04 (−0.05, −0.03) 
mmol/l, but with a stronger magnitude of association for run-
ning at a given time duration (Fig. 3b). In comparison, every 
additional 5 min of walking and 10 min of standing were asso-
ciated with a mean −0.03 (−0.04, −0.02) mmol/l lower triglyc-
eride level. This association pattern with standing, walking, 
stair climbing and running was similar for HDL-cholesterol 

(Fig. 3c). Throughout the sitting time duration, there were no 
significant variations in triglyceride level, but there was an 
inverse linear association for HDL-cholesterol.

We observed an inverse near linear association between 
 HbA1c and running (Fig. 3d). For stair climbing and walk-
ing, the nadir of the dose–response curve was at approxi-
mately 10.3 min/day (associated with 35.6 [35.2, 35.9] 
mmol/mol  HbA1c) and 91.4 min/day (associated with 35.5 
[35.2, 35.8] mmol/mol  HbA1c), respectively, after which 
there was a diminishing protective association. A similar 
association pattern was observed for standing time, with the 
nadir at 4.1 h/day (associated with 35.9 [35.6, 36.3] mmol/
mol  HbA1c). We observed a J-shaped association between 
 HbA1c and sitting time, with incrementally higher  HbA1c 
levels when daily sitting time exceeded 10.7 h/day.

Additional and sensitivity analyses

We observed sex interactions for the associations of stair 
climbing, running and sitting time with the composite car-
diometabolic health score (ESM Figs 2–4). There was a 
stronger protective association for women at any given time 
duration after approximately 3.9 min/day of stair climbing 
and 12 s/day of running. For sitting time, we observed the 
interaction at 10 h/day, after which there was a lower com-
posite cardiometabolic health score (e.g. steeper z score 
curve) for women for higher sitting times.

Association patterns across activity types and posture with 
composite cardiometabolic health did not change after adjust-
ment for (1) socioeconomic status (occupation and highest 
attained education level) and (2) functional mobility (ESM 
Fig. 5). Composite cardiometabolic health results were con-
sistent after standardising the distributions for time spent in 
each activity type and posture (ESM Fig. 6). After exclusion 
of participants with prevalent CVD or medication use, we 
observed inverse linear associations between each activity 
type and standing and composite cardiometabolic health 
(ESM Fig. 7), whereas associations for sitting time were fully 
attenuated. After stratification by walking duration we found 
that the association of sitting time with composite cardiometa-
bolic health was effectively eliminated in the highest daily 
walking duration group (≥90 min/day), while there was also 
evidence of attenuation in the medium daily walking duration 
group (>60 and <90 min/day) (ESM Fig. 8). We made similar 
observations in the analyses stratified by stair climbing. For 
example, in the medium and high stair climbing groups (>3 
min/day), there was very little evidence of a dose–response 
between sitting and composite cardiometabolic health (ESM 
Fig. 9). The associations between physical activity type and 
posture and composite cardiometabolic health using multiple 
imputation for missing covariate data were broadly consistent 
with the main analysis (ESM Fig. 10).
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Discussion

To our knowledge, this is the first large-scale analysis of 
type-specific physical activity and posture time, using the 
first pooled harmonised resource of thigh-worn accelerom-
etry. The placement of accelerometers on the thigh allowed 
us to accurately derive a range of activity types and postures 
using novel classification methods to examine their associa-
tions with cardiometabolic health markers. Time spent in 
physical activity types—walking, stair climbing and run-
ning—was associated with composite and individual car-
diometabolic health markers following adjustment for sitting 
time and other relevant confounding factors. Accumulating 
at least 5 min/day of stair climbing, 64 min/day of walking 
or any duration of running was associated with more favour-
able composite cardiometabolic health, whereas 2.6 h/day 
of standing showed associations of comparable magnitude. 
In contrast, the deleterious association of sitting time with 
adverse cardiometabolic health became pronounced when 
daily durations exceeded 10 h/day, although the association 
was no longer significant after exclusion of participants with 
prevalent CVD and medication use.

We found a similar association rate of change across 
various cardiometabolic health markers with stair climb-
ing and running when daily durations were <12 min. The 

dose–response associations that we observed are plausible. 
Previous RCTs have found that submaximal activities such 
as stair climbing that are of low vigorous intensity (e.g. 
6.0–8.8 metabolic equivalents [METs] [48]) led to signifi-
cant improvements in insulin sensitivity, HDL-cholesterol 
and cardiorespiratory fitness [49–51]. These changes are 
likely to be induced primarily by skeletal muscle responses 
that contribute to improved mitochondrial volume and cap-
illarisation (higher density), which leads to improved per-
fusion and better peripheral oxygen extraction [52]. This 
promotes enhanced capacity for substrate oxidation, greater 
use of lipids and reduced carbohydrate catabolism. Consist-
ent with our cardiometabolic findings, short bouts of stair 
climbing have also been found to have positive effects on 
postprandial blood glucose levels [53–55], suggesting that 
the timing of physical activity may be equally as important 
as total duration, particularly among at-risk populations 
or populations with diabetes. The intensity range of stair 
climbing may also elicit improvements to the cardiovascu-
lar system. Specifically, a stair climbing intervention [56] 
among participants with coronary artery disease found that 
1.5–3 sessions/week of approximately 7 min (equivalent to 
10.5–21 min/week) improved V̇O2peak by 1 MET, which has 
been reported to be associated with a clinically significant 
15% reduction in mortality risk [57].

Fig. 3  Association of physical activity types and posture with total 
cholesterol (a), triglyceride (b), HDL-cholesterol (c) and  HbA1c (d). 
Adjusted for age, sex, smoking, alcohol consumption, sleep duration, 
self-rated health, medication use, prevalent CVD and cohort, and 
mutually adjusted for physical activity types and posture using the 

residual method. Total cholesterol, n=10,728; triglycerides, n=9417; 
HDL-cholesterol, n=10,729;  HbA1c, n=10,346. Data shown are point 
estimates (95% CI). Histograms represent the time distribution for 
each activity type and posture
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The associations and daily durations that we observed 
provide evidence that is consistent with large-scale pro-
spective studies examining hard clinical endpoints such 
as CVD mortality and incidence [9, 10, 58, 59]. We found 
that between 60 and 115 min/day of walking had the 
strongest positive association with each cardiometabolic 
outcome. Notably, this time duration is broadly consist-
ent with the accumulated time duration in previous meta-
analyses of walking interventions and cardiometabolic 
health indicators [60, 61]. Using device-based measures 
and pooled individual participant data meta-analysis, we 
were able to translate findings from controlled interven-
tion settings to real-world environments. Collectively, our 
walking, stair climbing and running findings are important 
from a public health and clinical perspective. Promotion 
of activities that are typically performed during daily liv-
ing and do not require dedicated time commitments may 
enhance adherence, as has been previously reported in 
rehabilitation programmes [62–65].

Our results showed that there is an approximate 13:1 min/
day ratio for walking vs stair climbing to observe an equivalent 
favourable composite cardiometabolic health association. Rela-
tive to the opportunities that most people have, walking 64 min/
day may be more feasible than 5 min/day of stair climbing. A 
total of 5 min of stair climbing would equate to approximately 
350 steps, assuming a mean climbing pace of 70 steps/min [66]. 
Walking may be more feasible and potentially safer for certain 
population subgroups, such as older adults, and people who 
do not have regular access to multiple flights of stairs. Pre-
vious prospective studies using self-report data have reported 
the health-enhancing benefits of walking [67, 68]. Our pooled 
individual participant data meta-analysis, leveraging objective 
device-based measurements, extends these studies to derive 
direct comparisons of walking with other activities and pro-
vides more precise habitual activity dose–response estimates.

At a population level, considering walking to be of 
moderate intensity, our results are broadly consistent with 
smaller interventions comparing prolonged and continuous 
moderate-intensity exercise with short duration high-inten-
sity exercise [69–71]. RCTs have found that moderate-inten-
sity continuous training has similar effects on cardiometa-
bolic markers as high-intensity interval training at a time 
ratio of 7–15:1 (e.g. 60 min of moderate-intensity exercise 
to 4 min of high-intensity exercise), possibly linked to the 
intermittent exposure to changes in metabolism and blood 
flow increases [72]. Although not directly measured in our 
current study, it is likely that the majority of stair climbing 
was in bouts of short duration, and that the health-enhancing 
benefits we observed from walking were due to continuous 
walking that elicits cardiorespiratory adaptations. Previous 
studies comparing the effects of activities of daily living 
and structured exercise sessions on cardiometabolic mark-
ers such as insulin sensitivity and glycaemic control found 

that structured exercise sessions did not consistently provide 
additional benefits, with the two activity domains eliciting 
similar metabolic changes in skeletal muscle when matched 
for intensity volume [73, 74]. Our population-based find-
ings are among the first to extend the findings from such 
lifestyle modification interventions. Taken together, these 
findings may inform future research strategies or provide 
additional options for clinicians attempting to modify the 
physical activity behaviours of people with low adherence 
to exercise-based programmes.

We observed that more time spent standing was associated 
with favourable composite cardiometabolic health and indi-
vidual cardiometabolic markers. These results are consistent 
with intervention trials that reported positive cardiometabolic 
effects from standing [22, 75, 76]. However, in our study, 
standing was also the least time-efficient of all the activities. 
We observed that approximately 2.6 h/day of standing was sig-
nificantly associated with more favourable composite cardio-
metabolic health. While standing stimulates musculoskeletal 
responses that may elicit positive changes in cardiometabolic 
markers, a previous meta-analysis showed that standing for 2–4 
h/day may also increase the risk of musculoskeletal disorders 
by 31–34% [77]. We observed adverse composite cardiometa-
bolic health when sitting time was higher than 12.1 h/day. In 
our study, it is probable that the deleterious association of high 
sitting time with adverse composite cardiometabolic health is 
an effect of lower cardiorespiratory fitness [78–81]. Analyses 
have shown that cardiorespiratory fitness is a mediator of sit-
ting (e.g. sedentary) time/physical activity and explains about 
78% of the relationship with cardiometabolic health [82, 83]. 
Notably, after exclusion of participants with prevalent CVD or 
medication use, the deleterious associations of sitting time with 
adverse composite cardiometabolic health were no longer sig-
nificant, although there was still a linear trend towards worse 
cardiometabolic health. Further, our stratified analyses of sit-
ting time by walking and stair climbing duration showed that 
the deleterious association was fully attenuated when walking 
exceeded 90 min/day or stair climbing exceeded 3 min/day. 
Collectively, these results suggest that the relationship of sit-
ting time with cardiometabolic health is highly dependent on 
time spent in various types of physical activity.

Strengths and limitations

To our knowledge, this is the first large-scale pooled analy-
sis that compares the health associations with time spent in 
type-specific physical activity and postures using device-
based data. Device-based measurements are less suscepti-
ble to the inherent limitations of self-reported measures of 
physical activity, such as recall and social desirability bias, 
and are able to capture incidental physical activity across 
the day that cannot be measured with self-report data. This 
allowed us to examine the potential health value of short 
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durations of different types of activities more accurately. 
This is also the first individual participant data meta-analy-
sis using device placement on the thigh, which has an accu-
racy of >95% for detecting sitting time. Previous studies 
using hip or wrist placement and only acceleration mag-
nitude cut-points have higher false positive rates due to an 
inability to differentiate between sitting and standing [84]. 
The harmonised individual participant data meta-analyses 
involve original data from multiple cohorts as a single study, 
allowing us to maintain physical activity type and posture in 
their continuous form and providing more robust estimates 
of the observed associations [20, 85] than traditional meta-
analyses restricted to study-level aggregated data. Our study 
also has some limitations. Our observational cross-sectional 
design limited inferences of causality, and influences of 
reverse causation may be present. We did not adjust the bio-
marker analyses for adiposity markers to avoid the potential 
for overadjustment due to the causal link between the two 
markers [86]. Our analyses included a range of confounding 
variables; however, residual and unmeasured confounding 
is still possible, which may introduce bias. Finally, because 
of differences in measurement protocols between cohorts, 
some harmonised covariates have lower granularity than the 
original data collection; nevertheless, methodologies were 
similar between studies and allowed for the pooling of data 
across the six cohorts.

Conclusion

Using the largest individual participant data meta-analysis of 
thigh-worn accelerometry data we found that approximately 
64 min/day of walking and 5 min/day of stair climbing were 
associated with more favourable composite cardiometa-
bolic health. Every additional minute of stair climbing up to  
12 min/day was associated with a similar rate of change as 
running for the same time interval. Our device-based find-
ings provide novel estimates quantifying the associations 
of physical activity types and posture with cardiometa-
bolic health outcomes that may guide future interventions 
and inform recommendations. If confirmed in prospective  
studies and intervention trials, extensions of this work may 
also inform future wearable device-based risk prediction.
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