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BACKGROUND: Blood pressure (BP)–lowering effects of structured exercise are well-established. Effects of 24-hour movement 
behaviors captured in free-living settings have received less attention. This cross-sectional study investigated associations 
between a 24-hour behavior composition comprising 6 parts (sleeping, sedentary behavior, standing, slow walking, fast 
walking, and combined exercise-like activity [eg, running and cycling]) and systolic BP (SBP) and diastolic BP (DBP).

METHODS: Data from thigh-worn accelerometers and BP measurements were collected from 6 cohorts in the Prospective 
Physical Activity, Sitting and Sleep consortium (ProPASS) (n=14 761; mean±SD, 54.2±9.6 years). Individual participant 
analysis using compositional data analysis was conducted with adjustments for relevant harmonized covariates. Based on 
the average sample composition, reallocation plots examined estimated BP reductions through behavioral replacement; the 
theoretical benefits of optimal (ie, clinically meaningful improvement in SBP [2 mm Hg] or DBP [1 mm Hg]) and minimal (ie, 
5-minute reallocation) behavioral replacements were identified.

RESULTS: The average 24-hour composition consisted of sleeping (7.13±1.19 hours), sedentary behavior (10.7±1.9 hours), 
standing (3.2±1.1 hours), slow walking (1.6±0.6 hours), fast walking (1.1±0.5 hours), and exercise-like activity (16.0±16.3 
minutes). More time spent exercising or sleeping, relative to other behaviors, was associated with lower BP. An additional 5 
minutes of exercise-like activity was associated with estimated reductions of –0.68 mm Hg (95% CI, –0.15, –1.21) SBP and 
–0.54 mm Hg (95% CI, –0.19, 0.89) DBP. Clinically meaningful improvements in SBP and DBP were estimated after 20 to 
27 minutes and 10 to 15 minutes of reallocation of time in other behaviors into additional exercise. Although more time spent 
being sedentary was adversely associated with SBP and DBP, there was minimal impact of standing or walking.

CONCLUSIONS: Study findings reiterate the importance of exercise for BP control, suggesting that small additional amounts of 
exercise are associated with lower BP in a free-living setting.
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Hypertension, characterized by consistently ele-
vated blood pressure (BP) levels, is a significant 
global health concern, prevalent in >1 billion 

people globally.1 Despite pharmaceutical advances, the 
prevalence of hypertension has remained stable over 
recent decades (32% and 34% in 1999 and 2019, 
respectively),1 with an estimated 7.7 million to 10.4 mil-
lion annual deaths attributable to elevated BP.2 Given 
the high global burden,1 there is a need to identify  
population-level modifiable risk factors.

Exercise levels are strongly associated with lower 
BP, with causal evidence from reviews of random-
ized controlled trials indicating robust BP-lowering 
effects of exercise (systolic BP [SBP]/diastolic BP 
[DBP]>5/2.5mm Hg).3,4 Observational evidence from 
free-living physical activity (PA) has also demonstrated 
associations with BP,5,6 although it lacks sufficient 
evidence on the effects of daily PA patterns, includ-
ing type, intensity, and volume, on BP. In addition to 

exercise or PA alone, 24-hour movement patterns have 
emerged as potentially critical determinants of cardio-
vascular health.7,8 Increasingly, across national guide-
lines9 and research settings,10,11 the 24-hour day has 
been conceptualized as having 4 distinct behaviors: 
sleep, sedentary behavior, light PA, and moderate-to-
vigorous PA.

Advancements in technology and processing algo-
rithms enable a unique opportunity to examine move-
ment behaviors with greater detail than these 4 parts. 
For example, evidence has demonstrated health benefits 
yielded from vigorous intermittent activity embedded in 
daily activities,12 distinct dose-response associations by 
PA type,13 and meaningful differences in associations of 
standing and light PA with cardiovascular health.8

There remains conflicting evidence on associations 
of different movement types, walking cadences, sleep 
durations, or standing positions with BP. Furthermore, 
new research has sought to identify minimal and optimal 
durations of activities associated with better health out-
comes.14,15 For example, prospective data from the UK 
Biobank suggest that 15.0 (95% CI, 14.3, 15.7) and 56.5 
(95% CI, 55.4, 55.6) minutes per week of vigorous PA 
represent minimal and optimal doses to yield a decrease 
in cardiovascular disease (CVD) risk.15 Meta-analyses 
have also suggested a U-shaped association between 
sleep duration and hypertension risk, yet optimal sleep 
duration remains unclear, and other movement behaviors 
are rarely incorporated.16,17 However, these studies have 
consistently examined PA in isolation without consider-
ing time spent in other 24-hour movement behaviors.

Compositional data analysis approaches examine 
various daily configurations to explore how redistributing 

Clinical Perspective

What Is New?
•	 We examined associations between 6 device-

measured movement behaviors (sleeping, seden-
tary time, standing, slow walking, fast walking, and 
exercise-like activity) and blood pressure.

•	 As little as 5 minutes per day of additional exercise-
like activity replacing any behavior was associated 
with lower systolic blood pressure (–0.68 mm Hg 
[95% CI, –0.15 to –1.21]) and diastolic blood 
pressure (–0.54 mm Hg [95% CI, –0.19 to –0.89]).

•	 An estimated 2 mm Hg (95% CI, 1.3 to 2.7) improve-
ment in systolic blood pressure was observed if 
exercise-like activity replaced 20 minutes of fast 
walking, ≈21 minutes of sedentary time, ≈22 min-
utes of standing, ≈26 minutes of slow walking, or 
≈27 minutes of sleeping.

•	 An estimated 1 mm Hg (0.6 to 1.4) improvement in 
diastolic blood pressure was observed if exercise-
like activity replaced ≈10 minutes of fast walking, 
≈11 minutes of sedentary time, ≈13 minutes of 
sleeping, ≈14 minutes of slow walking, or ≈15 min-
utes of standing.

What Are the Clinical Implications?
•	 Small and feasible changes to habitual exercise 

levels are estimated to have meaningful benefits on 
blood pressure, which can contribute to a reduction 
in prevalence of hypertension.

•	 Exercise-induced reductions in blood pressure can 
reduce prevalence of cardiovascular outcomes by 
7% to 28% at the population level.

•	 Interventions targeting both the individual and the 
population (eg, public health policies) should con-
sider the wider construct of the 24-hour day and 
incidental exercise embedded in daily activities.

Nonstandard Abbreviations and Acronyms

ALSWH	� Australian Longitudinal Study on 
Women’s Health

BCS70	 1970 British Cohort Study
BP	 blood pressure
CVD	 cardiovascular disease
DPhacto	� Danish Physical Activity Cohort With 

Objective Measurements
DBP	 diastolic blood pressure
FIREA	 Finnish Retirement and Aging Study
ilr	 isometric log-ratio
NES	 Nijmegen Exercise Study
PA	 physical activity
ProPASS	� Prospective Physical Activity, Sitting 

and Sleep
SBP	 systolic blood pressure
TMS	 The Maastricht Study
VILPA	� vigorous intermittent lifestyle physical 

activity
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movement within a day might affect health outcomes.18 In 
addition to better understanding how 24-hour movement 
behaviors may contribute to BP, this approach is promis-
ing for the development of personalized approaches for 
movement recommendations, as it could provide mul-
tiple meaningful ways to change behaviors. Quantify-
ing the behavioral changes required to observe clinically 
meaningful changes in BP is crucial to identify optimal 
changes individuals could make as well as to identify 
whether minimal levels of PA (as suggested previously) 
are sufficient to have BP-lowering effects.

The primary aim of this cross-sectional study was to 
examine how a 6-part 24-hour movement composition 
consisting of sleep, sedentary behavior, standing, slow 
walking, fast walking, and combined exercise-like activ-
ity (eg, running and cycling) is associated with SBP and 
DBP. In addition, we modeled how reallocating time from 
one behavior into another (across any pair of behaviors) 
was associated with changes in SBP and DBP.

METHODS
Consortium Sample and Harmonization 
Process
Cross-sectional data were pooled from 6 observational cohort 
studies: TMS (The Maastricht Study, The Netherlands; n=7515; 
48.9%),19 BCS70 (the 1970 British Birth Cohort Study, United 
Kingdom; n=5250; 34.1%),20 ALSWH (Australian Longitudinal 
Study on Women’s Health, Australia; n=985; 6.4%),21 DPhacto 
(Danish Physical Activity Cohort With Objective Measurements, 
Denmark; n=835; 5.4%),22 NES (Nijmegen Exercise Study, The 
Netherlands; n=537; 3.5%),23 and FIREA (Finnish Retirement 
and Aging Study, Finland; n=254; 1.7%).24 These 6 stud-
ies comprise the first pooled resource from the Prospective 
Physical Activity, Sitting and Sleep consortium (ProPASS) col-
laboration, an international research collaboration platform of 
observational cohort studies with thigh-worn accelerometry (ie, 
wearable movement trackers).25 Ethics approvals and consent 
were obtained at the cohort level. Detailed study information is 
available in Table S1 and has been published previously.25–30 All 
covariate, outcome, and raw accelerometer data were harmo-
nized and pooled in one data set at the University of Sydney, 
adhering to specific cohort requirements through signed data 
transfer agreements (Supplemental Text S1 provides an over-
view of the harmonization process). The data that support 
the findings of this study are available from the correspond-
ing author upon reasonable request following cohort-specific 
regulations.

Movement Behaviors
Movement behavior data were collected through 7-day, 24-hour 
thigh-worn accelerometer protocols using ActivPAL3/4 
(BCS70, TMS, ALSWH, and NES), Axivity (FIREA), or ActiGraph 
devices (DPhacto). Across studies, participants were fitted with 
or given the accelerometer on the day of the main data collec-
tion (Table S1). Raw accelerometer data underwent centralized 
processing using ActiPASS v1.56, which is device-agnostic for 

thigh-worn accelerometers and has been validated across all 
brands included in these analyses.26–30 Briefly, 6 movement 
behaviors were classified: sleep, sedentary behavior, standing, 
slow walking (cadence <100 steps/min), fast walking (cadence 
≥100 steps/min), and combined “exercise-like” activities. 
Exercise-like activities were combined because of relatively 
small amounts of time spent running, cycling, or inclined step-
ping across the sample. Further detail on derivation and valida-
tion of these behavior types has been described previously,26–30 
with more detail provided in Supplemental Text S1. A total of 
15 376 individuals met wear time criteria (≥20 hours of wear/d, 
≥1 walking period detected, and >0 minutes of sleep)8 and had 
≥1 valid weekday and weekend day, and were therefore eligible 
for analysis (see sample size derivation in Figure S1). Average 
daily minutes spent in each behavior were computed.

Blood Pressure
BP measurements used automated BP monitors administered 
by a research nurse or study staff member (see Table S2 for 
complete description by cohort). All cohorts implemented a 
5- to 10-minute period of rest before measurements were 
taken. Three cohorts used 3 measurements to derive SBP 
and DBP averages, and 3 took the average of 2 measure-
ments. In some studies, an additional measurement was taken 
when differences between readings exceeded >10 mm Hg 
for SBP or >5 mm Hg for DBP and included in the calculation 
of the average.

When individuals were taking prescribed antihypertensive 
medications, adjustments were made to BP outcomes following 
standard practice (+10 mm Hg to SBP or DBP, with sensitiv-
ity analyses exploring adding +5 mm Hg and +15 mm Hg).31,32 
Antihypertensive medication status was ascertained across all 
cohorts (Table S2). Four cohorts asked participants to either 
bring or describe all prescription medications, which were sub-
sequently coded using Anatomical Therapeutic Chemical clas-
sification (any of C02) or British National Formulary edition 69 
codes (any of 0201 through 0207). The other 2 cohorts self-
reported whether they took antihypertensive medications over 
the last 3 or 12 months.

Covariates
Covariates were selected a priori.10,11 Harmonized covariates 
collected across all cohorts included age (years), sex (cat-
egorized as male or female), smoking status (nonsmokers or 
current smokers), and alcohol consumption (tertiles based on 
self-reported weekly intake). In addition, a subset of cohorts 
gathered data on mobility limitations (4 cohorts; scored on 
a continuous scale from 0 to 100 using the Short Form-36 
10-item physical function subscale, for which 0 represents 
severe mobility limitations, and 100 signifies no mobility issues), 
occupational class (5 cohorts: not working, low, intermediate, 
or high occupational class), and level of education (4 cohorts; 
educational attainment level ranging from none or lower than 
high school to university degree or higher). To avoid overadjust-
ment, body mass index was not included in the main models 
because of its likely role as a partial mediator; however, it was 
included in sensitivity analyses (see below). Complete details 
about the collection and harmonization of covariates in each 
cohort can be found in Table S2.
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Statistical Analyses
We defined a composition as the combined proportion of 
daily time spent in each of the 6 behaviors: sleep, sedentary 
behavior, standing, slow walking, fast walking, and combined 
exercise-like activity. First, we normalized average daily dura-
tions to ensure the collective sum equaled 1440 minutes (24 
hours), accommodating any unrecorded periods. This 24-hour 
composition was then represented through a set of 5 isomet-
ric log-ratio (ilr) coordinates18 that capture the variability and 
magnitude of the relative time spent in each of the 6 behaviors. 
Each ilr coordinate within the set describes a specific behavior 
against the remaining behaviors. For example, the first coordi-
nate describes time spent in the behavior of interest relative 
to time spent in the other 5 behaviors, the second coordinate 
describes time spent in the second behavior relative to time 
spent in the other 4, the third coordinate describes time spent 
in the third behavior relative to the other 3, etc. Integrating 
all 5 coordinates within a single regression model allows for 
the time spent in each of the behaviors relative to the others 
to be captured. Data were pivoted to create 6 distinct sets, 
each enabling the exploration of a single behavior relative to 
the other 5. For instance, the first pivoted set examined sleep 
compared with sedentary behavior, standing, slow walking, 
fast walking, and exercise. Any values of 0 were replaced 
with 1 second to allow derivation of coordinates (n=2 with no  
exercise-like activity).

We conducted a one-stage individual participant analy-
sis using linear regressions to examine associations of each 
behavior (relative to others) with each BP outcome, repeat-
ing the below models for each set of pivoted coordinates. In 
initial regressions, we tested for sex interactions before build-
ing models in 2 stages: (1) adjusted for sex, age, and cohort; 
and (2) adjusted for sex, age, cohort, smoking, and alcohol. We 
repeated the models with additional adjustments for education, 
mobility limitations, and occupational class in cohorts with avail-
able data (ALSWH, BCS70, and TMS). Coefficients indicate the 
change in BP (mm Hg) for each 1-unit ilr increase. This coef-
ficient is not directly interpretable; therefore, isotemporal sub-
stitution models were used to estimate how reallocation of time 
between behaviors may affect BP.18

Model reallocation plots were created using the sex–age 
cohort–adjusted models to maximize sample size and statistical 
power. Minimal daily reallocation times between pairs of behav-
iors to observe clinically relevant changes in BP (–1 mm Hg 
DBP and –2 mm Hg SBP) were identified,33–36 and differences 
in BP resulting from a 5-minute per day change between pairs 
of behavior (used previously as the minimum PA required for 
CVD benefits15) were also described when significant. Three 
primary samples were explored in this study: (1) those with 
complete data on 24-hour movement behaviors, SBP, and DBP 
(maximal sample; n=14 761); (2) those with complete data on 
main covariates (n=12 651); and (3) those with complete data 
on main and additional covariates (n=9799; 3 cohorts).

We conducted several sensitivity and subgroup analyses. 
First, we repeated the main models using 2 different adjust-
ment factors for antihypertensive medication use (5 mm Hg 
and 15 mm Hg).31,32 Next, we repeated the above models in 
2 subsamples: (1) those with no history of CVD (eg, heart dis-
ease, myocardial infarction, angina, stroke, etc; see Table S2 
for description by cohort); and (2) those not currently on anti-
hypertensive medications. Additional models also considered 

adjustment for body mass index in addition to the 2 primary 
adjustment models described above.

When sex interactions were evident across behaviors and 
BP outcomes, reallocation figures were stratified by sex. We 
conducted further subgroup analysis by repeating the main 
age, sex, and cohort-adjusted model in groups stratified by 
high and low groups (high: ≥median; low: <median) for each 
of sleep, sedentary behavior, and exercise-like activities. To for-
mally test for differences, we tested interactions between the 
first ilr coordinate (eg, one behavior relative to the other 5) and 
a binary indicator of each high-low group. Finally, we stratified 
by cohort and repeated the main age- and sex-adjusted model 
to provide estimates by cohort as well as aggregate estimates 
from the 2-stage random-effects meta-regression.

All analyses were performed in RStudio 4.2.3 using the tidy-
verse, compositions, robCompositions, metafor, and zComposi-
tions packages.

RESULTS
Sample Characteristics
Of 15 376 individuals with valid movement behavior 
data, 14 761 individuals had sufficient outcome data 
for inclusion in analyses (Figure S1). The sample spent 
most of their day sedentary (mean, 10.7±1.9 hours), 
with an average of 3.2±1.1 hours standing. Average 
time spent walking was similar at a slow (1.6±0.6 
hours) and a fast pace (1.1±0.5 hours); finally, time 
spent engaging in combined exercise-like activities 
was the least frequent behavior (16.0±16.3 minutes). 
Average SBP and DBP were 132.2±19.1 mm Hg and 
79.1±11.6 mm Hg, respectively, with 24.0% (n=3344) 
of the sample currently on antihypertensive medica-
tions. Approximately half of the sample was female 
(n=7828; 53%), with a mean age of 54.2 ±9.6 years 
(range, 18–87). Further details of sample character-
istics are provided in the Table, with cohort-stratified 
characteristics in Table S3.

Movement Behaviors and SBP
Because of minimal evidence of sex interactions, males 
and females were combined in models (see sensitivity 
analyses of sex differences below). Linear regressions of 
isometric log ratio coordinates (eg, one behavior relative 
to the other 5) demonstrated that, for the average sample 
composition, more time spent doing exercise-like activ-
ity or sleeping was associated with lower SBP, whereas 
more sedentary time was associated with higher SBP 
(Table S4). There was no association between time spent 
standing, slow walking, or fast walking, relative to other 
behaviors, and SBP. All associations remained after ad-
justment.

Reallocation plots indicated that replacing any 
behavior with exercise-like activity was associated with 
the strongest estimated reduction in SBP (Figure 1). 
Based on the average sample composition, statistically  
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significant improvements in SBP were observed when an 
additional 5 minutes of any behavior was reallocated into 
exercise-like activity. Replacing 5 minutes of sedentary 
time with exercise-like activity demonstrated the largest 

improvement in SBP (–0.68; 95% CI, –0.15 to –1.21), 
with similar decreases observed when replacing stand-
ing, slow walking, fast walking, or sleep (Figure 1F). Five-
minute reallocations between any other pair of behaviors 
did not result in statistically significant improvements in 
SBP.

When examining the behavior changes needed to 
yield clinically significant changes in SBP, exercise-like 
activity continued to be the most important. An estimated 
2 mm Hg (95% CI, 1.3 to 2.7) improvement in SBP was 
observed if exercise-like activity replaced ≈20 minutes 
of fast walking, ≈21 minutes of sedentary time, ≈22 min-
utes of standing, ≈26 minutes of slow walking, or ≈27 
minutes of sleeping while keeping other behaviors con-
stant. Beyond exercise-like activity, a clinically significant 
2 mm Hg improvement in SBP was only observed if ≈2 
hours and 50 minutes of sedentary time was replaced by 
sleep. No reallocation between any amount of time spent 
standing, slow walking, or fast walking yielded a clinically 
significant change (Figure 1A).

Movement Behaviors and DBP
More time spent in exercise-like activity or sleep was as-
sociated with lower DBP, whereas more time spent sed-
entary was associated with higher DBP (Table S5). There 
was evidence to suggest that more time spent standing 
and less time spent walking fast were associated with 
lower DBP; however, associations for fast walking at-
tenuated after adjustment for covariates. There was no 
association between slow walking and DBP.

These associations were reflected in the realloca-
tion plots, in which replacement of any behavior with 
exercise-like activity had the strongest estimated reduc-
tions in DBP (Figure 2). Reallocation of 5 minutes into 
exercise-like activity demonstrated comparable changes 
in DBP regardless of the type of behavior it replaced; 
for example, replacing an additional 5 minutes of seden-
tary time with exercise-like activity equated to a –0.54 
mm Hg (95% CI, –0.19 to –0.89) improvement in DBP 
(Figure 2F). No 5-minute reallocations between any 
other pair of behaviors resulted in any statistically signifi-
cant improvement in DBP.

Clinically significant improvements of 1 mm Hg (95% 
CI, 0.6 to 1.4) in DBP were estimated if exercise-like 
activity replaced an additional ≈10 minutes of fast walk-
ing, ≈11 minutes of sedentary time, ≈13 minutes of 
sleeping, ≈14 minutes of slow walking, or ≈15 minutes 
standing. Separate from exercise-like activity, a 1 mm Hg 
lower DBP was possible through replacing sedentary 
time with standing, slow walking, or sleeping; however, 
substantial reductions in sedentary time beyond the 
baseline average composition were required to observe 
such a change (eg, 78 minutes, 95 minutes, and 106 
minutes, respectively). No other displacement between 
behaviors could yield a 1 mm Hg change.

Table.  Characteristics of the Analytical Sample (n=14 761)

Mean ±SD No. (%)

24-Hour movement behaviors, h/d

 � Sleep 7.13 ±1.19   

 � Sedentary behavior 10.71 ±1.86   

 � Standing 3.17 ±1.10   

 � Slow walking 1.57 ±0.57   

 � Fast walking 1.13 ±0.45   

 � Combined exercise-like activity 0.27
(16.0 min)

±0.27 
(16.3 min)

  

Systolic blood pressure, mm Hg* 132.2 ±19.1   

Diastolic blood pressure, mm Hg* 79.1 ±11.6   

Covariates†

 � Age, y 54.2 ±9.6   

 � Mobility limitations (0–100 
score)

87.1 ±18.9   

 � Sex, female 7828 (53.0)

 � Cohort

  �  TMS 7509 (50.9)

  �  ALSWH 425 (2.9)

  �  BCS70 5212 (35.3)

  �  DPhacto 830 (5.6)

  �  FIREA 248 (1.7)

  �  NES 537 (3.6)

 � Smoking, smoker 2180 (14.9)

 � Alcohol

  �  Tertile 1 (low) 4298 (33.8)

  �  Tertile 2 4332 (34.1)

  �  Tertile 3 (high) 4090 (32.2)

 � Education

  �  Less than high school 1658 (12.3)

  �  High school (~16 y) 3879 (28.7)

  �  Further education (~16–18 y) 5191 (38.4)

  �  University degree or higher 2781 (20.6)

 � Occupational class

  �  Not working 3786 (29.9)

  �  Low 2168 (17.1)

  �  Intermediate 3517 (27.8)

  �  High 3192 (25.2)

Variables for exclusion in sensitivity analyses

 � History of CVD 1460 (10.0)

 � On antihypertensive medica-
tions

3344 (24.0)

*Includes +10 mm Hg for those on antihypertensive medications.
†Covariate categories may not sum to n=14 671 because of missing data for 

smoking, alcohol, education, and occupational class.
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Sensitivity Analyses

SBP associations did not change when the antihyperten-
sive medication adjustment was changed to 5 mm Hg or 
15 mm Hg (Table S6), nor when analyses were repeated  

in subsamples excluding those on antihypertensive 
medications or those with a history of CVD (Table S7). 
However, there was evidence that more time spent 
walking fast, relative to other behaviors, was associated 
with worse DBP when DBP was adjusted by 5 mm Hg  

Figure 1. Estimated change in systolic blood pressure (n=14 761) based on behavioral relocation from the average composition 
of the population.
Sleep (A), sedentary behavior (B), standing (C), slow walking (D), fast walking (E), and combined exercise-like activities (F). Data to the left 
of the reference line indicate the predicted change in systolic blood pressures if a given behavior were replaced by any of the other behaviors. 
Data to the right of the reference line indicate the predicted change if a given behavior replaced any of the other behaviors. Model adjusted for 
sex (reference: female), age (reference: 54.2 years; mean-centered), and cohort (reference: The Maastricht Study). Reallocations are based on 
baseline systolic blood pressure (SBP; 128.7 mm Hg) expected given the average sample composition (sleep, 7.3 hours; sedentary behavior, 10.9 
hours; stand, 3.1 hours; slow walk, 1.5 hours; fast walk, 1.1 hours; and combined exercise-like, 10.9 minutes per day).
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(Table S8) or when those on antihypertensive medica-
tions were excluded (Table S9). Positive associations 
between more time spent slow walking and lower DBP 
emerged in analyses that excluded those on antihyper-

tensive medications. Finally, additionally adjusting for 
body mass index resulted in some attenuation of esti-
mates; more time spent sedentary remained associated 
with greater DBP but not SBP (Table S10).

Figure 2. Theoretical change in diastolic blood pressure (n=14 761) based on behavioral relocation from the average behavior 
composition of the population.
Sleep (A), sedentary behavior (B), standing (C), slow walking (D), fast walking (E), and combined exercise-like activity (F). Data to the left of the 
reference line indicate the predicted change in systolic blood pressures if a given behavior is replaced by any of the other behaviors. Data to the 
right of the reference line indicate the predicted change if a given behavior replaces any of the other behaviors. Model adjusted for sex (reference: 
female), age (reference: 54.2 years; mean-centered), and cohort (reference: The Maastricht Study). Reallocations are based on baseline diastolic 
blood pressure (DBP; 76.25 mm Hg) expected given the average sample composition (sleep, 7.3 hours; sedentary behavior, 10.9 hours; stand, 3.1 
hours; slow walk, 1.5 hours; fast walk, 1.1 hours; combined exercise-like, 10.9 minutes per day).
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Subgroup Analyses
As described above, there was minimal evidence of sex 
interactions between ilr coordinates and SBP or DBP, 
with no significant interactions for DBP and just 2 sig-
nificant interactions for SBP. These interaction terms 
suggested that the positive association of sleep and the 
negative association of sedentary behavior with SBP 
were slightly stronger in females (Figure S2).

Behavior-stratified estimates of ilr coordinates and 
BP associations are provided in Table S11: high sleep 
(≥7.2 h/d; n=7381), low sleep (<7.2 h/d; n=7380), 
high sedentary behavior (≥10.7 h/d; n=7381), low sed-
entary behavior (<10.7 h/d; n=7380), high exercise 
(≥10.3 min/d; n=7381), and low exercise (<10.3 min/d; 
n=7380). Briefly, there were no interactions between 
sedentary behavior or exercise levels with SBP. In 
contrast to the main models, there was no association 
between either sleep or sedentary behavior, relative to 
other behaviors, and SBP in those with high sleep levels 
(≥7.2 h/d). However, in those with insufficient sleep (<7.2 
h/d), there remained strong associations between more 
sleep and less sedentary behavior with lower SBP.

Subgroup differences for DBP were in the same 
direction as in SBP, but more prominent (Table S11). 
For example, positive associations between more time 
spent exercising and lower DBP were stronger in those 
with low sedentary time (<10.7 h/d) and those with high 
sleep levels (≥7.2 h/d). The beneficial association of 
more time sleeping with lower DBP was not observed in 
those with low sedentary time, whereas more sleep was 
detrimental in those with high sleep levels. Adverse asso-
ciations between more time spent sedentary and higher 
DBP were strongest in those with insufficient sleep and 
those with high levels of sedentary behavior. Last, there 
was evidence to suggest that more time spent standing 
could be beneficial for DBP in those with high exercise 
levels (≥10.3 min/d); conversely, more time spent walk-
ing slowly was associated with lower DBP in those with 
low exercise levels (<10.3 min/d) only.

Characteristics of the 3 primary samples (differing 
because of missing data) as well as those excluded from 
each analysis are provided in Table S12. Those excluded 
from all samples tended to be younger and were more 
likely to be females. Briefly, those excluded from the 
first 2 samples (because of missing SBP, DBP, smok-
ing, or alcohol use) spent less time doing exercise-like 
activities or sitting, but more time lying or sleeping. In the 
2-stage meta-analysis, associations between all behav-
iors and both BP outcomes did not change, with low 
I2 heterogeneity for sleep and sedentary behavior and 
moderate-high heterogeneity for other behaviors (Fig-
ures S3 and S4). There were some differences in com-
positional associations by cohort; most notably, some 
cohorts (DPhacto and ALSWH) demonstrated favor-
able associations between slow and fast walking and 

lower BP, whereas there were no associations between  
exercise-like activities and BP in the DPhacto cohort.

DISCUSSION
We conducted cross-sectional compositional data analy-
ses to explore novel associations between BP and 6 daily 
movement behaviors: sleeping, sedentary behavior, stand-
ing, slow walking, fast walking, and exercise-like activity. 
Our findings corroborate the importance of BP-lowering 
effects of exercise-like activities, demonstrating that 
small amounts of additional time in exercise-like activities 
was associated with a reduction in BP, regardless of the 
behavior it replaced. For example, 5 minutes of addition-
al exercise-like activity was associated with –0.68 and 
–0.54 mm Hg decreases in SBP and DBP, respectively. 
More substantial reallocation of sleeping, sedentary be-
havior, standing, or walking time into exercise-like activity 
were required to achieve clinically meaningful decreases 
in BP (SBP, 20–27 min/d; DBP, 10–15 min/d). Although 
our findings suggest adverse effects of prolonged seden-
tary time and a positive impact of more sleep on BP, the 
magnitude of reallocation into and out of these behav-
iors required for clinically meaningful improvements in BP 
may not be achievable for many. Findings emphasize the 
potential of small amounts of daily exercise-like activity 
to aid BP management at both individual and population 
levels, while providing a more tentative perspective of the 
impact of altering sleeping, standing, walking, or seden-
tary behaviors for optimizing BP.

Exercise and BP
Our results align with well-established evidence on the 
antihypertensive effects of exercise.3,4 However, we pro-
vide novel evidence on “minimal” and “optimal” levels of 
exercise-like activity to improve BP in the context of 24-
hour movement. Recent UK Biobank evidence has high-
lighted smaller minimum (15 min/week or 2.1 min/d) 
and optimal (56.5 min/week or 8.1 min/d) amounts of 
vigorous PA for reduced CVD.15 We report that 5 minutes 
per day of minimal increase in exercise-like activities was 
associated with significantly lower SBP (–0.68 [95% 
CI, 0.15 to –1.21]) and DBP (–0.54 [95% CI, –0.19 to 
0.89]) regardless of the behavior replaced, with 10 to 
27 minutes per day required for clinically meaningful im-
provements (DBP, 10–15 min/d; SBP, 20–27 min/d). 
The exercise-like activities modeled in our study encom-
passed activities such as running, cycling, or inclined 
walking, and could include both structured, intentional 
exercise and incidental daily activities such as running 
for a bus or climbing stairs.

A meta-analysis of 93 exercise trials (≥4 weeks) sug-
gested that optimal BP-lowering effects emerged at 
2.5 to 3.5 hours week of moderate-vigorous dynamic  
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endurance training (≈30–45 min/session); this equated 
to 3 to 5 mm Hg improvements in SBP and 2 to 4 mm Hg 
improvements in DBP.37 This offers an interesting com-
parison to the 20 to 27 minutes (2.3–3.2 h/week) and 
10 to 15 minutes (1.2–1.75 h/week) of additional daily 
exercise-like activity required for clinically meaningful 
improvements in SBP and DBP, respectively. Despite 
the known benefits of exercise, participation rates in 
structured exercise sessions remain low because of poor 
feasibility and desire for many middle-aged adults.38,39 
Therefore, an important next step is to examine compa-
rability of benefits yielded from structured exercise and 
incidental high-intensity activity, which are both captured 
in the free-living protocol in this study. For example, “vig-
orous intermittent lifestyle physical activity” (VILPA)14 is 
defined as short (typically up to 1 or 2 minutes) inter-
mittent bouts of incidental, higher-intensity activity that 
happen during typical daily activities. Evidence from non-
exercisers in the UK Biobank suggests that as few as 3 
bouts per day of VILPA (lasting ≈1 or 2 minutes each) 
was associated with a 48% to 49% reduction in CVD 
risk12; to our knowledge, associations between VILPA 
and BP have not yet been explored, although BP may 
be one intermediate pathway through which VILPA or 
exercise-like activities may reduce overall CVD risk.

The strength of the findings for combined exercise-like 
activity compared with other 24-hour behaviors highlights 
the necessity for higher intensity activities that chal-
lenge the cardiovascular system. This is consistent with 
recent evidence demonstrating that short activity bursts 
that included vigorous bouts lowered CVD risk, but short 
bursts without vigorous activity did not.40 Acute physio-
logical mechanisms include vasodilation through produc-
tion of nitric oxide in the endothelium and reduced arterial 
stiffness through production of elastin and collagen, 
whereas long-term benefits may involve mediators such 
as adiposity loss and other metabolic improvements.41 PA 
conducted at low intensity (eg, light walking or ambulatory 
movement) may be insufficient to yield these physiologi-
cal adaptations, especially at low to moderate volumes. 
A recent meta-analysis of 270 exercise randomized con-
trolled trials concluded that walking was the least effec-
tive intervention for lowering BP compared with exercise 
interventions such as cycling, running, strength training, 
aerobic training, and interval training.3 It was notable that 
subgroups with healthier behaviors (eg, higher sleep or 
lower sedentary time) had stronger associations between 
exercise time and BP. This further highlights the inter-
dependence of the 24-hour movement behaviors and is 
consistent with evidence suggesting that sleep depriva-
tion may reduce exercise benefits.42

Standing, Walking, and BP
Beyond the benefits attributed to exercise, substantial 
replacement of sedentary time with standing or slow 

walking were required to observe any clinically mean-
ingful change in DBP (78 min/d and 95 min/d, respec-
tively), with no possible reallocation yielding a clinically 
significant change in SBP. Benefits of walking for car-
diovascular health are highly dependent on individual- 
specific intensity and baseline health; this supports  
evidence suggesting that walkingm after higher in-
tensity activity is accounted for, may be insufficient to  
induce meaningful changes in the BP of healthy individu-
als.41 The results reported here are consistent with the 
aforementioned systematic review highlighting the com-
parative inferiority of walking interventions on BP3 but 
contrast evidence from another review suggesting that 
walking interventions can reduce BP across all sexes 
and ages.43 Limitations of interventions are the inability 
to capture vigorous incidental PA or structured exercise 
time outside of the walking intervention.43

Finally, benefits of walking for lower BP emerged 
in individuals with low exercise levels (<10.3 min/d), 
and in the DPhacto cohort, a sample of primarily “blue- 
collar” workers from the manufacturing, transporta-
tion, and cleaning sectors.22 There were no benefits of  
exercise-like activity on either BP outcome in DPhacto. 
These subgroup findings provide insight into how PA 
benefits may differ because of individual circumstances 
such as a physically demanding occupation or inability 
or unwillingness to participate in exercise-like activi-
ties.44 Further explorations into how walking intensity 
may contribute to BP management, differ by occupation 
or baseline 24-hour profile, and contribute to meaningful 
changes in cardiovascular health through non-BP mech-
anisms are important next steps.

Sleep and BP
The benefits of longer sleep duration for lower BP may be 
related to restorative processes that occur while sleep-
ing.45 During sleep, there is reduced sympathetic activity; 
for example, nocturnal dipping is a common physiological 
occurrence, with a habitual reduction of 10% to 20% in 
BP compared with wakefulness.45 Over time, chronic sleep 
deprivation could lead to systemic arterial hypertension 
through increased cardiovascular strain, vasoconstriction, 
and sympathetic nervous system activity.46 Therefore, it 
is unsurprising that increasing sleep, if high-quality, at 
the expense of sedentary or light PA could reduce BP 
by providing increased opportunities for restorative pro-
cesses that reduce sympathetic activity (ie, vasodilation 
or decreased pressure) and alleviate strain on the cardio-
vascular system. However, a substantial amount of time 
reallocated from sedentary behavior to sleep (eg, 2 hours 
and 50 minutes for SBP, 1 hour and 46 minutes for DBP) 
was required to yield clinically meaningful reductions in 
BP. Subgroup analysis suggested that more sleep was 
detrimental for BP for those already getting high levels of 
sleep; this is consistent with evidence on adverse effects 
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of long sleeping durations on high BP.16,17 Other sub-
group differences highlighted interactions between sleep 
and other behaviors. For example, positive associations 
of sleep with lower BP were stronger for those with high 
levels of sedentary behavior and weaker for those with 
sufficiently low sedentary behavior.

Implications
Implementing daily changes of an additional 5 minutes 
of exercise-like activities provides realistic behavioral 
changes that could be readily integrated into daily habits 
and activities. To yield clinically meaningful reductions in 
BP, exercise-like activities may need to replace ≈10 to 30 
minutes of time spent in other behaviors. This is compa-
rable to optimal doses of structured exercise identified in 
exercise trial studies.37 Behavioral changes below the op-
timal time allocations required for the clinically meaningful 
improvement in 2 mm Hg in SBP or 1 mm Hg in DBP 
may still have meaningful impacts. A 2 mm Hg reduction 
in SBP is not negligible.33–36,47 Commonly cited evidence 
from a Lancet study of >1 million individuals indicated that 
a 2 mm Hg reduction in SBP translates to a 7% to 10% 
reduction in ischemic heart disease and stroke mortality.34 
Similarly, a 1 mm Hg reduction in DBP is associated with 
≈10% reductions in prevalence of CVD events including 
heart failure, stroke, major cardiovascular events, and car-
diovascular death.47 Although the primary compositional 
results were consistent across additional analyses, sub-
group results highlight the need to consider individual 
24-hour movement profiles when providing guidance on 
changes to activity, sedentary time, and sleep.

Strengths and Limitations
We used data from ≈15 000 individuals from 6 cohort 
studies across 5 countries, increasing the generalizability 
of our findings. The use of thigh-worn accelerometers, the 
preferred device placement for detecting posture, and the  
uniform processing of raw accelerometer data using  
the ActiPASS software enabled us to differentiate be-
tween distinct movement behavior types, resulting in a 
6-part composition providing finer granularity on how each 
behavior, relative to others, is associated with BP. BP was 
objectively measured by each cohort using standardized 
protocols, with minimal missing data. Our results were  
robust across substantial additional analyses, including 
varying the BP adjustment factor for antihypertensive 
medication use, excluding those on antihypertensive med-
ications or with a history of CVD and considering different 
subgroups by sex and individual behavior.

There were some limitations. First, we are unable to 
infer causal associations because of the cross-sectional 
data and the modeling analyses that estimated theoretical 
improvements in BP resulting from reallocation between 
pairs of behaviors. Misclassification, overlap, or undetected 

measurement of some behaviors is likely. For example, 
static resistance training exercise would be classified 
as either sedentary time (ie, sitting or lying) or standing 
because of the posture of the position, whereas swimming 
is not recognized by the algorithm and thus would have 
been categorized as “other” and excluded from the com-
position. Inferences about activity intensity can be made 
about the exercise-like activities because of expected 
higher intensities of cycling, running, and inclined walking; 
however, movement type and not the intensity were used to 
identify these behaviors. We were unable to capture sleep 
quality, which may have stronger associations with BP than 
sleep duration alone.48 Despite including participants from 
5 countries across 3 continents, the pooled sample lacked 
ethnic and racial diversity. As ProPASS expands to other 
cohort studies49 (eg, developing prospective partnerships 
with organizations and cohorts in low and middle income 
countries)50 the global representativeness of the consor-
tium will improve. Finally, we did not explore how duration 
of exercise bouts (eg, structured bouts versus incidental 
activity across the week) may have influenced associations 
because only average daily time spent in exercise-like 
activities was included in the composition.

Perspectives
Our findings reinforce that in free-living environments, 
more time spent in exercise-like activities has the stron-
gest association with BP, and even small changes to 
daily movement patterns can elicit clinically meaningful 
improvements. Although evidence for the positive impact 
of sleep on BP was observed, the volume of reallocation 
from other behaviors to yield meaningful changes in BP 
may not be feasible for many. Benefits of replacing one 
behavior with another may differ by sex or baseline 24-
hour movement profile (eg, low or high exercise, sleep, or 
sedentary behavior levels). Future work must examine lon-
gitudinal associations between movement compositions 
and cardiometabolic outcomes, better explore interindivid-
ual differences in reallocation, and explore how different 
movement bouts (duration, frequency, and intensity) and 
variability in patterns of sleep, sedentary behavior, or activ-
ity accumulation across the day and week may contribute 
to reducing risk of hypertension. Overall, our findings un-
derscore the irreplaceable role that exercise-like activities 
may have in yielding benefits in BP management.
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