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Deaths potentially averted by small changes in physical
activity and sedentary time: an individual participant data
meta-analysis of prospective cohort studies
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Keith M Diaz, Steven Hooker, Virginia ] Howard, I-Min Lee, Morten W Fagerland

Summary

Background The effects of small, realistic changes in physical activity and sedentary behaviour on population-level
mortality are unclear. We aimed to estimate the proportion of deaths preventable by 5-min and 10-min incremental
increases in moderate-to-vigorous intensity physical activity (MVPA) and 30-min and 60-min reductions in daily
sedentary time.

Methods We did an individual participant data meta-analysis of prospective cohort studies. We included studies with
device-measured physical activity and sedentary time. We estimated the proportion of deaths prevented (potential
impact fractions; PIFs) by changes in (1) the approximately 20% least active participants (high-risk approach) and (2)
all participants except the approximately 20% most active (population-based approach). We calculated PIFs from
adjusted hazard ratios estimated for 5-min and 10-min increases in MVPA and 30-min and 60-min reductions in
sedentary time from observed levels across the activity distribution.

Findings We included seven cohorts from Norway, Sweden, and the USA (n=40327; 4895 deaths). Data from the UK
Biobank (n=94719; 3487 deaths) were analysed separately. A 5-min/day increase in MVPA in the least active
participants might prevent 6-0% (95% CI 4-3-7-4) of all deaths. A similar increase in MVPA in all participants
except the most active might prevent 10-0% (6-3-13-4) of all deaths. Reducing sedentary time by 30 min/day might
prevent 3-0% (2-0—4-1) of all deaths in the high-risk approach and 7-3% (4 - 8-9- 6) in the population-based approach.
Results from the UK Biobank were of a smaller magnitude but still substantial—eg, reducing sedentary time by
30 min/day in all except the most active participants was associated with preventing 4-5% (2-8-6-1) of total deaths.

Interpretation Small and realistic increases in MVPA of 5 min/day might prevent up to 6% of all deaths in a high-risk
approach and 10% of all deaths in population-based approach. Reducing sedentary time by 30 min/day might prevent
a smaller, but still meaningful, proportion of deaths in the two risk scenarios.

Funding None.

Copyright © 2026 Elsevier Ltd. All rights reserved, including those for text and data mining, Al training, and similar
technologies.

Introduction which represents the theoretical number of deaths averted

Physical inactivity is estimated to cause as much as 7-9%
of global mortality. However, these estimates are based
on self-reported physical activity, which is known to be
inaccurate and underestimate the magnitude of the
physical activity mortality association compared with
device-measured physical activity.* The benefits of physical
activity on population mortality might therefore also be
underestimated. Data from devices have expanded the
understanding of the health benefits of physical activity
from focusing solely on moderate-to-vigorous intensity
physical activity (MVPA) to suggest that sedentary time,’
total physical activity,*® and all intensities of physical
activity’™® are associated with reduced mortality. However,
the effect on population mortality has not been estimated.

Estimates of preventable deaths are usually based on
calculating the population attributable fraction (PAF),

if all individuals not meeting WHO’s physical activity
recommendations  started meeting these recom-
mendations.’ This dichotomisation of physical activity for
PAF estimates assumes that health benefits can only be
achieved by changing from not meeting to meeting
physical activity recommendations, which might be
unrealistic for many. These studies also did not consider
the population distribution of physical activity and how
varying increases in population-level physical activity could
affect estimates of preventable deaths. Consequently, it is
unclear how small but arguably more realistically
achievable population-level increases in physical activity
(ie, shifting the population distribution more favourably)
affect the proportion of preventable deaths.

Therefore, we estimated the proportion of deaths
preventable by 5-min and 10-min incremental increases
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Research in context

Evidence before this study

Estimates of the population attributable fraction, which represent
the theoretical number of deaths averted if all individuals
currently not meeting WHO's physical activity recommendations
became active by meeting recommendations, have several major
methodological limitations. These include overlooking the health
benefits that can be achieved by increasing physical activity even
below the WHO-recommended level, and relying on self-reported
physical activity data, which are prone to biases. We searched
PubMed and Google Scholar from database inception to

Aug 15, 2024, using the terms “physical activity”, “mortality”, and
“population attributable fraction” and found two articles
estimating the number of deaths that are potentially averted by
increasing levels of device-measured physical activity. One study
was restricted to individuals with prevalent cardiovascular
diseases, and the other used a small sample from a single US
cohort. Therefore, it remains uncertain how minor, yet potentially
more achievable, population-level increases in physical activity or
decreases in sedentary time might affect the proportion of
preventable deaths.

Added value of this study
Our results are derived from the observed physical activity
levels and the non-linear dose-response associations between

in MVPA and 30-min and 60-min reductions in daily
sedentary time (potential impact fractions [PIFs]).
Additionally, we estimated the proportions of preventable
deaths associated with 30-min and 60-min increases in
total physical activity and in light-intensity physical
activity (LPA). Our analytical approach is based on the
observed device-measured physical activity levels in large
population-based cohorts and considers the non-linear,
dose-response associations between physical activity and
sedentary time and the risk of mortality.

Methods

Study design

We previously systematically searched the literature for
prospective cohort studies in which data on physical
activity and sedentary time, measured using hip-worn
accelerometers, could be linked to mortality records,
leading to the establishment of the Adult Accelerometer
Consortium.*" Five (Activity, Behaviour, Change [ABC],
Sweden; the National Health and Nutrition Examination
Survey [NHANES], USA; Norwegian National Physical
Activity Survey [NNPAS], Norway; the Reasons for
Geographical and Racial Differences in Stroke [REGARDS]
study, USA; and the Women’s Health Study [WHS], USA)
of the nine cohorts from the consortium contributed to
this individual-level participant data analysis. Following
an updated search, we identified and included
two additional cohorts (Healthy Aging Initiative [HAI],
Sweden, and the Tromsg Study, Norway), which are now

physical activity and sedentary time with risk of mortality. This
approach extends previous observations that were based on a
theoretical elimination of physical inactivity estimated from
self-reported data. Access to individual participant data
allowed us to use continuous minute-by-minute, device-
measured physical activity and sedentary time data,
harmonising exposures, covariates, and statistical analyses
across cohorts, using consistent inclusion criteria, and
minimised loss of information and power.

Implications of all the available evidence

Considering that it is unlikely for all individuals to achieve the
WHO physical activity recommendation of 150 min of
moderate-to-vigorous-intensity physical activity (MVPA)
weekly, our data underscore the large impact of realistic and
achievable behaviour changes on population health. If the least
active 80% of participants had increased MVPA by 5 min/day or
reduced sedentary time by 30 min/day, 10% and 7% of all
deaths, respectively, might have been avoided during the
follow-up period.

part of the consortium." Altogether, anonymised
individual-level participant data from three studies from
the USA, two studies from Norway, and two studies from
Sweden were pooled. To obtain a more homogeneous
sample, we excluded participants younger than 40 years
from those cohorts that included younger participants
(NHANES, NNPAS, and ABC). Further, to reduce bias
due to reverse causation, participants who died during the
first 2 years of follow-up (n=556) were excluded. We
accounted for the cluster-based sampling and used sample
weights provided by the NHANES to generate estimates
and measures of uncertainty representative of the civilian
non-institutionalised resident population of the USA.?
The study selection, data extraction, and bias assessment
have been described in detail.**" Sample sizes, exclusions,
and missing data are shown in the appendix (pp 2-3).
Further, we included data from the UK Biobank Study
(application number 29717). In the UK Biobank Study,
physical activity was assessed in 103712 participants by
wrist-worn accelerometers. Of these, 96651 provided
valid accelerometer data, of which we included
94719 participants following exclusions of those dying
during the first 2 years of follow-up (n=557) or with
missing data (appendix p 2). The UK Biobank Study was
included to assess transportability of findings from the
Adult Accelerometer Consortium (hip-worn devices) to
data generated in the UK Biobank Study using wrist-
worn devices and alternative data-processing procedures.
Different placements and device-wearing protocols
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prohibit direct harmonisation of UK Biobank Study
accelerometer data with that from the Adult
Accelerometer Consortium.

Ethics approval was granted for all individual studies
but was not required for this individual participant data
meta-analysis. Ethics approval for the UK Biobank Study
was obtained from the Northwest Research Ethics
Committee and all participants provided informed
consent.

The reporting of this study followed STROBE
guidelines (appendix pp 8-10).

Assessment of physical activity exposures

The harmonisation of physical activity exposure variables
from the seven studies included in the accelerometer
consortium has previously been described in detail**"
and is summarised in the appendix (pp 6-7).

Physical activity in the UK Biobank Study was assessed
using wrist-worn AX3 accelerometers (Axivity, York, UK)
for 24 h per day over 7 consecutive days. Following
previously applied procedures for the UK Biobank
Study,” we included all participants with a wear time of
more than 72 h (including sleep). The time spent
sedentary (minutes per day), in LPA, and in MVPA was
assessed using a validated machine learning method."**

Total physical activity was calculated as the time spent in
LPA plus the time spent in MVPA.

Covariates

Covariates were selected on the basis of previous
knowledge of variables associated with exposures and
outcomes and availability in the cohorts. Height and
weight were self-reported in three studies (ABC, NNPAS,
and WHS) and measured during a clinical examination
in the remaining five studies. We calculated BMI and
defined obesity as a BMI of at least 30 kg/m2. Smoking
habits, education, and history of cardiovascular disease,
cancer, and diabetes were either self-reported and
validated from medical records or obtained from
registers. We harmonised the data across cohorts for
smoking and education, with smoking categorised as
never, former, or current, and the highest attained
education level categorised as primary school, high
school, or university. In the UK Biobank Study, covariates
were assessed a median of 5-7 years Dbefore the
assessment of physical activity. Height and weight were
measured during the clinical examination. Smoking
habits, education, and history of chronic diseases were
self-reported by a computerised questionnaire. All
covariates in the UK Biobank Study were categorised

ABC (n=719), Sweden* HAI (n=4271), Swedent NHANES (n=3871), USA% REGARDS (n=7276), USAS
Women Men Women Men Women Men Women Men
Participants 399 (555%) 320 (44:5%)  2172(50-9%) 2099 (49-1%) 1958 (50-6%) 1913 (49-4%) 3964 (54:5%) 3312 (45:5%)
Deaths 31(7-8%) 47 (147%) 33 (1:5%) 58 (2:8%) 524 (26-8%) 617 (32:3%) 729 (18-4%) 918 (27:7%)
Follow-up time, years 143 (1.7) 13:9(2:3) 3-8(1:9) 3-9(1-9) 13:5(3:3) 12:9(3-8) 99(3-2) 96 (33)
Age, years 546 (91) 55:5(91) 70-4(0-2) 70-4(0-3) 60-6 (12.9) 60-5(12-9) 682(87) 69-8(8-3)
Age =60 years 117 (29:3%) 103 (32:2%) 2172 (100%) 2099 (100%) 1020 (52-1%) 984 (51-4%) 3298 (83-2%) 2945 (88-9%)
Sedentary time, min/day 509 (96-1) 529 (103) 550 (82-7) 563 (85-8) 498 (112) 511 (125) 693(822) 689 (83-6)
Total physical activity, min/day 369 (101) 365 (110) 293 (74-5) 284 (78:6) 341 (101) 343 (111) 148 (71-8) 161 (76-4)
Light-intensity physical activity, min/day 340 (89-9) 330(96:9) 263 (68-4) 249 (71-9) 327 (94-2) 320(99:6) 141 (66-8) 151 (69-9)
Moderate-to-vigorous intensity physical 29:6 (31-6) 35-0 (30-6) 30-4 (24-0) 34-4(26-4) 13-9 (16-5) 23-6 (24-8) 67 (11-6) 10-0 (15-2)
activity, min/day
BMI, kg/m? 25-6 (3-9) 26:0(2:9) 26:3(4-6) 26-7(37) 291(6-6) 28:3(53) 288 (63) 283 (47)
BMI =30 kg/m? 51(12:8%)  30(9-4%) 403 (18-6%) 351 (16:7%) 735 (37-5%) 575(301%) 1453 (36:7%) 968 (29-2%)
Smoking
Never 164 (411%) 126 (39-4%)  1077(49-6%) 959 (457%)  1159(59-2%)  681(35:6%)  2272(573%) 1350 (40-8%)
Former 121(303%)  131(40-9%) 934 (43-0%) 1016 (48-4%) 497 (25-4%) 808 (42:2%) 1277 (32:2%) 1619 (48-9%)
Current 114 (28-6%) 63 (19-7%) 161 (7-4%) 124 (5:9%) 302 (154%) 424 (22:2%) 415(10-5%) 343 (10-4%)
Education
Primary 120 (30-1%) 117 (36:6%) 266 (122%) 391 (18-6%) 529 (27-0%) 577 (30-2%) 255 (6-4%) 172 (52%)
High school 145 (363%) 117 (36:6%) 890 (41-0%) 831 (39-6%) 515(26:3%) 440 (23-0%) 2069 (522%) 1489 (45-0%)
University 134(33-6%)  86(26:9%) 1016 (46:8%) 877 (41-8%) 914 (46:7%) 896 (46-8%) 1640 (41-4%) 1651 (49-8%)
History of cardiovascular diseaseq! 6 (1-5%) 22 (6-9%) 120 (5:5%) 333 (15:9%) 255 (13-0%) 339 (17-7%) 336 (8:5%) 553 (16:7%)
History of cancerf] 12 (3-0%) 8 (2:5%) 816 (37-6%) 481 (22:9%) 255 (13-0%) 216 (11:3%) 222 (121%)|| 314 (14-5%)]|
Diabetes] 9(2:3%) 11 (3-4%) 130 (6-0%) 226 (10-8%) 269 (13-7%) 271 (142%) 505(12:7%) 482 (14-6%)
Data are n (%) or mean (SD). ABC=Activity, Behaviour, Change. HAl=Healthy Aging Initiative. NHANES=National Health and Nutrition Examination Survey. REGARDS=Reasons for Geographical and Racial
Differences in Stroke. *ActiGraph 7164 (lower back). tActiGraph GT3X+ (right hip). $ActiGraph 7164 (right hip). SActical (right hip). §[Binary variables (yes or no). ||Percentages calculated out of 1836 women
and 2172 men with non-missing observations.
Table 1: Descriptive characteristics of the ABC, HAI, NHANES, and REGARDS cohorts
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WHS (n=16316), USA*  NNPAS (n=2208), Norwayt Tromse study (5666), Norway# UK Biobank Study (94 719), UKS
Women Men  Women Men Women Men Women Men

Participants 16316 (100%) O 1168 (52:9%) 1040 (47-1%) 3025 (53-4%) 2641 (46-6%) 53449 (56-4%) 41270 (43-6%)
Deaths 1584 (9-7%) B 37 (3:2%) 77 (7-4%) 97 (3-2%) 143 (5-4%) 1414 (2:6%) 2073 (5-0%)
Follow-up time, years 8-8 (1-6) - 9:0(0-7) 8.8 (1.0) 7-1(0-5) 7:0 (0-7) 8:0(0-8) 7-9 (0:9)
Age, years 72:0(57) B 55-8 (11-0) 571(10-7) 62:9(10:3) 63-4(101) 61-8(77) 63:0(79)
Age =60 years 16316 (100%) - 415 (35:5%) 418 (40-2%) 2066 (683%) 1895 (71-8%) 32209 (603%) 27327 (66-2%)
Sedentary time, min/day 503 (103) - 548 (83-2) 579 (86-8) 714 (82:0) 727 (89-6) 547 (104) 586 (111)
Total physical activity, min/day 388 (101) w 337(83-0) 314 (88-4) 327 (83-1) 312 (88-8) 360 (102) 325 (105)
Light-intensity physical activity, min/day 353(87-3) - 303 (757) 277 (80-6) 299 (757) 280 (785) 325(95:9) 276 (947)
Moderate-to-vigorous intensity physical 353(29-8) - 337(23-4) 372(265) 27-9 (22:0) 314 (25-4) 35-2(30-0) 496 (38:5)
activity, min/day
BMI, kg/m? 262(50) - 251 (4-2) 264 (3:-4) 268 (47) 277 (3-9) 263 (4-8) 273 (4-0)
BMI >30 kg/m? 3186 (19-5%) - 136 (11-6%) 136 (13-1%) 643 (21-:3%) 623 (23-6%) 9721(182%) 8602 (20-8%)
Smoking

Never 8242 (50.-5%) - 535 (45-8%) 451 (43-4%) 1222 (40-4%) 1002 (37-9%) 32602 (61:0%) 21602 (52:3%)

Former 7506 (46:0%) - 397 (34-0%) 426 (41-0%) 1421 (47-0%) 1350 (51-1%) 17713 (331%) 16307 (39-5%)

Current 568 (3:5%) - 236 (20-2%) 163 (157%) 382 (12:6%) 289 (10-9%) 3134 (5-9%) 3361 (8-1%)
Education

Primary 0 @ 199 (17-0%) 185 (17-8%) 932 (30-8%) 678 (25:7%) 4229 (7-9%) 3598 (8-7%)

High school 8105(49.7%) - 443 (37:9%) 408 (39-2%) 800 (26-4%) 801 (30-3%) 26544 (49-7%) 19152 (46-4%)

University 8211(503%) - 526 (45-0%) 447 (43-0%) 1293 (42:7%) 1162 (44-0%) 22676 (42:4%) 18520 (44-9%)
History of cardiovascular diseaseq] 680 (4-2%) 55 (4-7%) 118 (11:3%) 206 (6-8%) 403 (15-3%) 1690 (3-2%) 3529 (8-6%)
History of cancerq 1931 (11-8%) - 76 (6:5%) 68 (6-5%) 300 (9:9%) 286 (10-8%) 7565 (14-2%) 4119 (10-0%)
Diabetese 1482 (9-1%) 35 (3-0%) 65 (6-3%) 164 (5-4%) 184 (7:0%) 1283 (2:4%) 1963 (4-8%)

Data are n (%) or mean (SD). NNPAS=Norwegian National Physical Activity Survey. WHS=Women's Health Study. *ActiGraph GT3X+ (right hip). tActiGraph GT1M (right hip). +ActiGraph wGT3X-BT (right hip).

SAxivity AX3 (wrist). §IBinary variables (yes or no).

Table 2: Descriptive characteristics of the WHS, NNPAS, Tromsg study, and UK Biobank Study cohorts

identically to those in the other cohorts (appendix
pp 4-5).

Outcome ascertainment

Mortality was ascertained using medical records, death
certificates, or administrative linkage following study
specific procedures (appendix p 4).

Statistical analysis

A detailed description of our analytical procedures can be
found in the appendix (pp 11-13). We used a two-stage
approach for the individual-level participant data meta-
analyses. First, each cohort was analysed individually
using MVPA, sedentary time, total physical activity, and
LPA as exposure variables in separate models. Cubic
splines with four knots were created for each exposure
variable, with knot locations at percentiles 5, 35, 65, and
95 of the exposure distributions. A Cox proportional
hazard regression model was fitted to the spline variables,
with mortality as the outcome and follow-up time as the
underlying time scale. We adjusted our models for the
following potential and available confounders: (1) age, sex,
and accelerometer wear time (adjusted for age and sex);
and (2) additional adjustments for BMI, smoking,
education, cardiovascular disease, cancer, and diabetes
(fully adjusted). Because our models included adjustment

for wear time, the estimated association for higher MVPA
reflects both the effect of higher MVPA and the effect of
some combination of lower sedentary time and light
activity. Similarly, associations for lower sedentary time
reflect associations for increases in both light physical
activity and MVPA. Based on the fitted models, hazard
ratios (HRs) with 95% Cls were estimated for increases in
physical activity and reductions in sedentary time from
observed levels for each exposure. HRs were estimated for
5-min and 10-min daily increases in MVPA; 30-min and
60-min daily increases in LPA and total physical activity;
and 30-min and 60-min daily reductions in sedentary
time. For example, for a person engaging in 1 min of
MVPA per day, we estimated the effect of a hypothetical
addition of 5 min per day (ie, from 1 min to 6 min). HRs
below 1 indicate a lower mortality risk for increased
physical activity (or decreased sedentary time). For each
set of HR and CI, we calculated the PIFs with 95% ClIs,
which provide a measure of the proportion of mortality
that could be prevented by changing the exposure level.*
Next, cumulative PIFs were calculated to mimic
hypothetical public health interventions affecting the
population distribution of physical activity for (1) the
approximately 20% least active participants (high-risk
approach) and (2) all participants except the approximately
20% most active (population-based approach), calculated
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separately for each exposure variable. These contrasts
were conceptually informed by Rose’s distinction between
high-risk and population-based prevention strategies” and
defined to reflect the shape of the dose-response
associations of physical activity and sedentary time with
mortality risk (large initial risk reduction with diminishing
returns at higher volumes of activity and lower volumes of
sedentary time) while maintaining distributional
similarity between the individual-level participant data
meta-analysis and the UK Biobank Study.

Second, summary HRs with 95% Cls were estimated
with a restricted maximum likelihood random-effects
model. On the basis of the summary HRs, summary
measure PIFs and cumulative PIFs (with 95% Cls) were
also calculated. The REGARDS cohort was only included
in the stage-two meta-analyses for MVPA because
outputs from Actigraph and Actical accelerometers are
only comparable for time spent in MVPA.*

Sensitivity analyses
Since age and other demographic factors influence
physical activity behaviours and mortality risk, we

stratified our sample by sex, age (<60 years vs =60 years),
and geographical location (USA vs Scandinavia) in
sensitivity analyses. We further reanalysed our data (1)
without adjustment for baseline BMI (ie, treating BMI as
a mediator instead of a confounder), (2) excluding
participants with self-reported mobility limitations in the
cohorts (NHANES, and Tromse, and the UK Biobank
Study) where this information was available (to further
reduce the possibility of reverse causality), (3) excluding
participants with self-reported chronic diseases, and (4)
did a one-stage individual-level participant data meta-
analysis. Finally, to compare results with previously
published studies, we stratified participants into meeting
or not meeting the existing WHO physical activity
recommendations’  (operationalised =~ as =~ MVPA
222 min/day vs <22 min/day, closely equivalent to the
deflection point for the dose-response curve for the
association between MVPA and risk for mortality’) and
estimated the adjusted PAF—ie, the proportion of deaths
averted if all participants met the recommendation,
using the adjusted HRs derived from the included
studies. All sensitivity analyses were performed using
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Figure 1: MVPA and mortality risk in the accelerometer consortium

Figure shows results of meta-analysis of seven studies. HRs for mortality for 5-min/day (eg, the HR for a 5-min/day increase from 1 min/day to 6 min/day [red arrow];
A) and 10-min/day (eg, the HR for a 10-min/day increase from 1 min/day to 11 min/day [red arrow]; B) increases in MVPA from observed level. Percentage PIF for
5-min/day (eg, a 5/min/day increase in MVPA in those who accumulated <2 min/day of MVPA was associated with 3-6% of preventable deaths [red arrow], and a
5-min increase among those accumulating 2-4 min of MVPA per day was associated with 1-4% of preventable deaths [red arrow]; C) and 10-min/day increase in
MVPA from observed level (D). Bar charts show distribution and percentages of participants. All results are based on fully adjusted models (age, sex, accelerometer
wear-time, BMI, smoking, education, cardiovascular disease, cancer, and diabetes). HR=hazard ratio. MVPA=moderate-to-vigorous-intensity physical activity.

PIF=population impact fraction.
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MVPA. The statistical analyses were done with
Stata/SE 170, including the package xblc.”

Role of the funding source
There was no funding for this study.

Results

We included 135 046 participants (mean age 63-9 years
[SD 8-7]; 82451 [61%] women and 52595 [39%] men)
followed up for a mean of 8-2 years (SD 1-9; tables 1, 2).
The appendix shows the distributions (min/day) for
MVPA, sedentary time, and total physical activity, by
cohort (pp 14-16), and the distribution by cohort and age
category (p 3).

Participants in the individual-level participant data
meta-analysis (n=40327; 4895 deaths) spent on average
27-7 min/day (3-1% of wear time) in MVPA. Results
from minimally adjusted models are shown in the
appendix (pp 17-18). Figure 1 shows the estimated
relative changes in risk for mortality associated with
5-min and 10-min increases in MVPA from observed
values across the MVPA distribution in the individual-
level participant data meta-analysis. For example, a
5-minute increase in MVPA from 1 min/day to 6 min/day

(figure 1A) was associated with an approximately
30% lower mortality risk and a 10-min/day increase from
1min/day to 11 min/day (figure 1B) with an approximately
42% lower mortality risk. We found diminishing returns
on increasing MVPA at higher levels—eg, increasing
MVPA from 9 min/day to 14 min/day was associated
with an approximately 18% lower mortality risk and from
9 min/day to 19 min/day with an approximately 28%
lower mortality risk. Beyond approximately 24 min/day,
no clear risk reduction was evident (figure 1A).

We calculated PIFs for 5-min (figure 1C) and
10-minute (figure 1D) increases in MVPA from
observed levels (appendix pp 11-12). For example, a
5-min increase in MVPA per day in the least active
12-1% (ie, those who accumulated <2 minutes of
MVPA per day; n=4865) was associated with 3-6%
(95% CI 2-7—4-4) of deaths averted. A 5-min increase
among those accumulating 2—4 min of MVPA per day
(2438 [6-0%)] participants) was associated with 1-4%
(1-0-1-8) of deaths averted. The results for the
individual-level participant data meta-analysis of
30-min/day and 60-min/day increases in LPA and total
physical activity (HRs and PIFs) are shown in the
appendix (pp 19-20, 23-24).
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Figure 2: Sedentary time and mortality risk in the accelerometer consortium

Figure shows results of meta-analysis of six studies. HRs for mortality for 30-min/day (A) and 60-min/day (B) decrease in sedentary time from observed level.
Percentage PIF for 30-min/day (C) and 60 min/day (D) decrease in sedentary time from observed level. Bar charts show distribution and percentages of participants.
All results are based on fully adjusted models (age, sex, accelerometer wear-time, BMI, smoking, education, cardiovascular disease, cancer, and diabetes). HR=hazard
ratio. MVPA=moderate-to-vigorous-intensity physical activity. PIF=population impact fraction.
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Figure 3: MVPA and mortality risk in the UK Biobank Study

HRs for mortality for 5-min/day (A) and 10-min/day (B) increase in MVPA from observed level. Percentage PIF for 5-min/day (C) and 10-min/day (D) increase in
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PIF=population impact fraction.

Participants in the individual-level participant data
meta-analysis spent an average of 577 min/day (64-5% of
wear time) sedentary. We estimated the associations
between 30-min (figure 2A) and 60-min (figure 2B) daily
reductions in sedentary time and risk for mortality. There
was no association between reducing sedentary time and
the risk of mortality in those spending less than
approximately 480 min/day sedentary (figure 2). By
contrast, reducing sedentary time in those who spent
more than 480 min sedentary per day, comprising more
than 70% of the participants, was associated with a
progressively lower risk. For example, in those
accumulating at least 660 min/day of sedentary time,
reducing sedentary time by 30 min/day was associated
with risk reductions of approximately 10%, and reducing
sedentary time by 60 min/day was associated with risk
reductions of approximately 25% (figure 2C, D).
Minimally adjusted results for sedentary time are shown
in the appendix (pp 21-22).

Associations and PIFs for higher MVPA and lower
sedentary time from the UK Biobank Study (n=94719;
3487 deaths) were smaller in comparison (figures 3, 4).

We thereafter estimated the proportion of deaths
averted by calculating the cumulative PIFs (appendix

pp 11-12) for defined increases in MVPA, LPA, and total
physical activity, and reductions in sedentary time for a
high-risk approach and population-based approach
(table 3). By targeting the least active participants who
spent on average 2-2 min/day in MVPA (high-risk
approach), we estimated that 6-0% (95% CI 4-3-7-4) of
total deaths in the population could be averted through
increasing MVPA by 5 min/day and 8-8% (7-0-10-4) by
10 min/day in this group. By targeting all but the most
active 20% (population-based approach), who spent on
average 17-4 minutes per day in MVPA, 5-min/day
increases in MVPA would prevent 10-0% (6-3-13-4) of
deaths in the population and 10-min/day increases in
MVPA would prevent 14-9% (9-7-19-3) of deaths in the
population (table 2). The corresponding proportion of
deaths prevented in the UK Biobank Study was lower,
ranging from 2-2% to 6-2% (table 2).

Based on the high-risk approach (approximately 20% of
the most sedentary participants, accumulating an average
of 721 min/day sedentary), the estimated proportion of
mortality that is preventable by reducing sedentary time
by 30 min/day was 3-0% (95% CI 2-0-4-1) and by
60 min/day was 5-5% (3-9-6-9); based on the population-
based approach (all but approximately the 20% least
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Figure 4: Sedentary time and mortality risk in the UK Biobank Study

HRs for mortality for 30-min/day (A) and 60-min/day (B) decrease in sedentary time from observed level. Percentage PIF for 30-min/day (C) and 60-min/day (D)
decrease in sedentary time from observed level. Bar charts show distribution and percentages of participants. All results are based on fully adjusted models (age, sex,
accelerometer wear-time, BMI, smoking, education, cardiovascular disease, cancer, and diabetes). HR=hazard ratio. PIF=population impact fraction.

sedentary, accumulating an average of 605 min/day
sedentary), the estimated proportion of mortality
preventable by reducing sedentary time by 30 min/day
was 7-3% (4-89-6) and by 60 min/day was 12-6%
(8-4-16-4). Corresponding preventable proportions in
the UK Biobank Study were between 2-5% (2-1-2-9) and
7-6% (4-4-10-6; table 2). Finally, the estimated proportions
of mortality preventable by 60-min/day increases in LPA
and total physical activity were roughly similar to the
estimates for 5-min increases in MVPA (table 2).

In sensitivity analyses (appendix pp 25-39), results
were similar in men and women, but there was little
evidence for any meaningful association between
increases in MVPA and the risk of mortality in those
younger than 60 years; however, statistical power was low
because of small numbers (five studies; n=6479;
257 deaths). The results were similar when BMI was
excluded from the models, across geographical locations,
and when excluding participants with chronic diseases
(appendix pp 25-29). We repeated the sensitivity analyses
in the UK Biobank Study (sex and age stratified; appendix
pp 30-31) and without adjustment for BMI, excluding
those with mobility limitations and those with chronic
diseases (appendix p 32), and the results were materially

unchanged. We thereafter excluded participants with
mobility limitations in the three cohorts (NHANES,
Tromsg, and the UK Biobank Study) where this
information was available and reanalysed the data. For
example, in NHANES, PIFs were attenuated by
1-5 absolute percentage points to 7-3% (95% CI 5-0-9- 3)
for a 5-min increase in MVPA in the high-risk approach,
and by 2-0 absolute percentage points to 11-5%
(5-4-16-7) in the population-based approach (appendix
pp 33-38).

We also reanalysed the data using a one-stage
individual-level participant data meta-analysis, and the
results were not materially different from our main
results (appendix p 39).

In the adjusted PAF (appendix p 40) scenario, 21-5%
(95% CI 18-7-24-0) of all deaths could hypothetically be
prevented if all participants spent at least 22 min/day in
MVPA, which is equivalent to the minimal level of the
current WHO physical activity recommendation of 150
min of MVPA per week (appendix p 40). The
corresponding PAF from the UK Biobank Study was
9-2% (7-4-10-9). HRs and PIFs for 5-min and 10-min
increases in MVPA from each individual cohort are
available in the appendix (p 40).
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Discussion

Our individual-level participant data meta-analyses of
seven cohort studies from the USA and Scandinavia
illustrated the benefits associated with small increases in
physical activity below the recommended target. Our
findings suggest that a hypothetical high-risk and
population-based intervention resulting in 5-min daily
increases in MVPA might reduce mortality in the
population by approximately 6-0% and 10-0%,
respectively. A 30-min reduction in daily sedentary time
might prevent 3-0% of total mortality in the high-risk
approach and 7-3% in the population-based approach.
The estimated proportions of preventable deaths due to
the same increases in MVPA and the reductions in
sedentary time in the UK Biobank Study were lower, but
still substantial in magnitude.

Reducing sedentary time by 30 min/day, equivalent to
5% of total sedentary time, in our population-based
approach, was associated with the prevention of more
than 7% of all deaths during follow-up. This 30-min
change appears feasible in a real-world setting. Effective
interventions to reduce occupational sitting might reduce
sitting time by between 40 min and 100 min per 8-h
workday.” Similarly, interventions aimed to change
sedentary behaviour in community-dwelling older adults
might reduce sedentary time by 45 min/day.” However,
in both the highrisk and the population-based
approaches, the estimated number of preventable deaths
appears greater with increasing MVPA by 5-10 min/day
compared with 30-min and 60-min reductions in
sedentary time. A 12-week walking intervention in
45-75-year-olds increased time in MVPA by 30-35 min
per week,” which was sustained after 3 years.”

A previous study* using accelerometer data from
NHANES estimated that adding 10, 20, and 30 min of
MVPA per day was associated with a 6-9%, 13-0%, and
16-9% decrease in the number of annual deaths,
respectively. Differences between studies might be
explained by different analytical approaches, differences
in exclusion criteria (eg, age and mobility limitations),
and differences in minimum wear time criteria (1 day in
the previous study vs =3 days in our analyses) yielding
different sample sizes. Finally, because of different
definitions of MVPA, the average time spent in MVPA
was 3-5 times higher in the 2022 NHANES study*
compared with the data from NHANES included in this
study, which might also contribute to the observed
differences. Unfortunately, there is no consensus on how
to define MVPA from hip accelerometery. Our definition
of MVPA (approximately 2000 counts per minute; CPM)
corresponds to walking equivalent to around 4-5 km/h
(appendix pp 6-7), which is probably the most common
type of moderate intensity physical activity in the general
population. When we calculated the PIF for a 10-min
increase in MVPA using the same intensity threshold as
in the earlier study,” we estimated that 5-5% of deaths
might be preventable in the NHANES cohort. A direct

High-risk approach*

Population approacht

Moderate-to-vigorous intensity physical activity, 5-min/day increase
6-0% (4-3-7-4)
2:2% (1-6-27)

Accelerometer consortium
UK Biobank Study
Moderate-to-vigorous intensity physical activity, 10-min/day increase
Accelerometer consortium 8-8% (7:0-10-4)
UK Biobank Study 3:9% (3-0-4-7)
Light-intensity physical activity, 30-min/day increase

3:3% (2:4-4-1)
2:8% (2:3-3-2)
Light-intensity physical activity, 60-min/day increase

5:5% (4-0-6-7)
47% (3-9-53)

Accelerometer consortium

UK Biobank Study

Accelerometer consortium

UK Biobank Study

Sedentary time, 30-min/day decrease
Accelerometer consortium

UK Biobank Study

3-0% (2-0-4-1)
2.5% (2-1-2.9)
Sedentary time, 60-min/day decrease
Accelerometer consortium

UK Biobank Study

5-5% (3-9-6-9)
4-6% (3-8-53)
Total physical activity, 30-min/day increase
Accelerometer consortium

UK Biobank Study

Total physical activity, 60-min/day increase

3-4% (2:5-4-2)
2:5% (2:2-2-9)

Accelerometer consortium
UK Biobank Study

5:5% (41-6-8)
4-4% (3-8-5-0)

all participants except the approximately 20% most active participants.

10-0% (6:3-13-4)
3-6% (2:4-4-8)

14-9% (9:7-19-3)
6-2% (4-0-8-2)

5:4% (22-8-3)
4:0% (22-57)

8.9% (3-1-13-8)
6:0% (2:7-9-2)

7-3% (4-8-9-6)
4-5% (2-8-6-1)

12:6% (8-4-16-4)
7-6% (4-4-10-6)

6-1% (3-1-8-9)
45% (2-8-6-1)

10-6% (5:7-14-9)
7:2% (4-0-10-1)

Results are based on meta-analysis of seven (or six; the REGARDS study is only included in the meta-analysis for
moderate-to-vigorous intensity physical activity) studies in the accelerometer consortium and a separate analysis of
the UK Biobank Study. PIF=potential impact fraction. REGARDS=Reasons for Geographical and Racial Differences in
Stroke. *Cumulative PIF calculated for the approximately 20% least active participants. tCumulative PIF calculated for

activity, sedentary time, and total physical activity

Table 3: Cumulative PIF (95% Cl) for changes in moderate and vigorous physical activity, light physical

comparison between the two definitions of MVPA in our
dataset (appendix pp 41-42) vyielded even larger
differences in the estimated percentage of averted deaths,
suggesting that results can vary depending on the
definition used for MVPA.

Our approach has several strengths. Analyses are based
on small and realistic changes in device-measured
physical activity and sedentary time and take into account
the non-linear shape of the association between activity
levels and mortality. The estimated effects of increases in
physical activity and reductions in sedentary time are
preferable compared with earlier work based on
theoretical elimination of physical inactivity, as it is
unrealistic for all individuals to be able or willing to meet
the recommended 150 min of MVPA per week. Similarly,
the elimination approach assumes that the health
benefits of changing from inactive to active are uniform
for all individuals irrespective of their observed activity
level, despite the established curve-linear relationships
(eg, increasing MVPA from 0 min/week to 30 min/week
is associated with significantly more benefits than
increasing from 100 min/week to 130 min/week’). We
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used accelerometer data for our exposures, which are
less biased than data from self-reports. Access to
individual-level participant data allowed us to use
continuous exposure data; harmonise exposures,
covariates, and statistical analyses across cohorts using
consistent inclusion criteria; and is likely to have
minimised loss of information and power.” The sample
size of our meta-analysis allowed us to conduct several
sensitivity analyses, and these results suggest that our
main results are robust. However, our findings are
limited to participants older than 40 years.

Our results should also be interpreted with the
following limitations. We analysed data from
Scandinavia, the UK, and the USA, limiting the
generalisability beyond these high-income populations.
Five of seven cohorts from the consortium were designed
to be population representative (ABC, HAI, NHANES,
NNPAS, and Tromsg). Reassuringly, the shape of the
HRs by observed physical activity levels and the
associated PIFs from these cohorts were similar to the
results from our meta-analysis combining data from all
seven cohorts. The UK Biobank Study is not
representative of its source population, and there is
evidence of healthy volunteer selection bias,” which
might be accentuated in the subgroup with accelerometer
measurements.”

Further, the intensity thresholds (CPM) used for
defining light intensity and MVPA were derived from
standardised ambulatory activities, which might not
mirror all physical activity performed during everyday
life. Our indices of physical activity and sedentary time
from the UK Biobank Study are not directly comparable
to those from the accelerometer consortium. Differences
include monitor placement, brands, and algorithms used
to define intensity levels. Wrist-worn accelerometers
produce higher acceleration signals and thus higher
levels of physical activity during everyday conditions
compared with waist-worn or hip-worn accelerometers.”?
These differences, and differences in definitions of
MVPA, probably affect the magnitude of associations
between increases in physical activity and risk for
mortality and thus the estimated PIFs.

Residual confounding might exist, due to unmeasured
or poorly measured confounders. For example, data on
mobility limitations were not available in all cohorts. The
results were somewhat attenuated (around 15-20% lower)
in sensitivity analyses when excluding individuals with
mobility limitations. Combined with our exclusion of
deaths within the first 2 years of follow-up, this finding
reduces the likelihood of bias from reverse causation.
However, as in any observational research we cannot fully
rule out the possibility that our results reflect some bias
from residual or unmeasured confounding and reverse
causation. Exposure variables were only measured at
baseline; thus, MVPA might not reflect sustained activity
levels over time, weakening the consistency assumption
and potentially affecting the associations.

Our results can inform public health programmes and
policies by illustrating the potentially substantial effects on
population health from small, feasible improvements in
exposure variables if the population distribution is shifted.
A previous individual-level participant data meta-analysis®
from randomised trials on pharmacological blood pressure
lowering suggested that a 5-mm Hg pharmacologically
induced reduction in systolic blood pressure reduced the
hazard of fatal and non-fatal cardiovascular disease events
by 10% in those with and without previous diagnoses of
cardiovascular disease, and even at normal or high-normal
blood pressure values. A direct comparison between a
pharmacological trial and our observational individual-
level participant data should be made with caution.
However, our findings suggest a 30% reduction in the
hazard of all-cause mortality for a 5-min/day increase in
MVPA at the lower end of the activity spectrum, equivalent
t0 3-5% (95% CI 2-8—4-4) of total preventable deaths.

We only investigated all-cause mortality; thus, future
research should examine other health outcomes.
Additional research using device-measured physical
activity is needed in low-income and middle-income
countries where the age structure, physical activity levels,
and disease burden differ from those included in the
present study.

In conclusion, under hypothetical high-risk and
population-based intervention scenarios, small and
realistic increases in MVPA of 5 min/day might prevent
up to 6% and 10% of deaths during follow-up, respectively.
Reducing sedentary time by 30 min/day prevented a
smaller, but still meaningful, proportion of deaths in the
two risk scenarios.
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