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Abstract

Aims Vigorous physical activity (VPA) is a time-efficient way to achieve recommended physical activity levels. There is a very lim-
ited understanding of the minimal and optimal amounts of vigorous physical activity in relation to mortality and disease
incidence.

Methods
and results

A prospective study in 71 893 adults [median age (IQR): 62.5 years (55.3, 67.7); 55.9% female] from the UK Biobank cohort
with wrist-worn accelerometry. VPA volume (min/week) and frequency of short VPA bouts (≤2 min) were measured. The
dose–response associations of VPA volume and frequency with mortality [all-cause, cardiovascular disease (CVD) and can-
cer], and CVD and cancer incidence were examined after excluding events occurring in the first year. During a mean post-
landmark point follow-up of 5.9 years (SD± 0.8), the adjusted 5-year absolute mortality risk was 4.17% (95% confidence
interval: 3.19%, 5.13%) for no VPA, 2.12% (1.81%, 2.44%) for >0 to <10 min, 1.78% (1.53%, 2.03%) for 10 to <30 min,
1.47% (1.21%, 1.73%) for 30 to <60 min, and 1.10% (0.84%, 1.36%) for ≥60 min. The ‘optimal dose’ (nadir of the
curve) was 53.6 (50.5, 56.7) min/week [hazard ratio (HR): 0.64 (0.54, 0.77)] relative to the 5th percentile reference
(2.2 min/week). There was an inverse linear dose-response association of VPA with CVD mortality. The ‘minimal’ volume
dose (50% of the optimal dose) was ∼15 (14.3, 16.3) min/week for all-cause [HR: 0.82 (0.75, 0.89)] and cancer [HR: 0.84
(0.74, 0.95)] mortality, and 19.2 (16.5, 21.9) min/week [HR: 0.60 (0.50, 0.72)] for CVD mortality. These associations were
consistent for CVD and cancer incidence. There was an inverse linear association between VPA frequency and CVD mor-
tality. 27 (24, 30) bouts/week was associated with the lowest all-cause mortality [HR: 0.73 (0.62, 0.87)].

Conclusion VPA of 15–20 min/week were associated with a 16–40% lower mortality HR, with further decreases up to 50–57 min/week.
These findings suggest reduced health risks may be attainable through relatively modest amounts of VPA accrued in short
bouts across the week.
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Structured Graphical Abstract

What is the dose-response association of device-measured vigorous physical activity with mortality and incident cardiovascular disease 
(CVD) and cancer?

15 minutes/week was associated with a 16% to 18% lower all-cause and cancer mortality, and 20 minutes/week was associated with 40% 

Premature mortality and major chronic diseases may be lowered through relatively modest amounts of vigorous physical activity. Such 
amounts are considerably lower than what questionnaire-based studies have proposed.
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Introduction
Based on existing prospective observational evidence, the 2020 World
Health Organization Physical activity and sedentary behaviour guide-
lines1 and the physical activity guidelines for Americans, 2nd Edition2

each recommended 150–300 min of moderate-to-vigorous physical ac-
tivity (MVPA), 75–150 min of vigorous physical activity (VPA), or a

combination of both a week. VPA, defined as physical activity at an en-
ergy expenditure rate of at least six metabolic equivalents (METs) is a
time-efficient way to achieve recommended physical activity levels
and can lead to rapid cardiorespiratory adaptations.3 For the first
time, current physical activity guidelines1,2,4,5 emphasize the value of
short bouts of intermittent physical activity (e.g. <5 min) for accumu-
lating the recommended amounts. Prior studies examining the health

2 M.N. Ahmadi et al.
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benefits of VPA, which were limited by the inability of questionnaires to
capture shorter intermittent VPA sessions lasting under 10–15 min,
found that all-cause mortality (ACM) risk was lowered by approximate-
ly 10% when VPA contributed 30–50% of total MVPA time.6,7 Findings
on cardiovascular disease (CVD) and cancer mortality showed similar
results.8,9

Sixty to 90 min of weekly VPA accumulated through 10 to 15 min-
long bouts of exercise has been shown to be associated with a
3-year extension of life expectancy and a 4% lower risk of ACM for
every additional 15 min.10,11 There is limited information on how low
volumes of VPA accumulated through short bouts are associated
with health and mortality. Such information is pertinent to improve
translation of research findings into clinical and public health interven-
tions involving accumulation of VPA through brief episodes throughout
the day.

Examining the dose-response of short and intermittent VPA bursts
requires device-based measurments.9 Indeed, the World Health
Organization Guidelines Development Group recently indicated the
need for device-based studies to objectively assess the relationship of
physical activity with mortality and disease risk as a priority for re-
search.12 The aim of this study was to examine the dose-response as-
sociation of device-measured VPA with mortality, and incident CVD
and cancer in the largest accelerometry cohort of UK adults. We hy-
pothesised inverse associations with mortality and incident CVD and
cancer exist through modest amounts of VPA accrued through short
bouts.

Methods
We reported this study as per the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) guideline (Supplemental
STROBE Statement).

Study participants
Participants were included from the UK Biobank study, a prospective
cohort of 502 629 participants between 40–69 years. All participants
were enrolled between 2006–10 and provided informed written con-
sent. Ethical approval was provided by the UK National Health Service
(NHS), National Research Ethics Service (Ref 11/NW/0382).
Participants completed physical examinations by trained staff and
touchscreen questionnaires.13We excluded participants with prevalent
CVD or cancer (ascertained through self-report, hospital admission,
and cancer registry records), missing covariate data, or an event within
the first 12 months after the accelerometry measurements (landmark).
We considered the start of the landmark period as follow-up time on-
set (Supplementary material online, Figure 1).

Physical activity assessment
From 2013–15, 103,684 participants were mailed and wore an Axivity
AX3 accelerometer (Newcastle upon Tyne, UK) on their dominant wrist
for 24-h/day for 7 days tomeasure physical activity. Prior to being mailed,
the AX3 accelerometers were initialized to collect data with a sampling
frequency of 100 Hz and a dynamic range between ± 8 g. Participants
returned the devices by mail and the data were calibrated and non-wear
periods were identified according to standard procedures.14,15

Monitoring days were considered valid if wear time was greater than
16 h. To be included in analysis, participants were required to have at

least four valid monitoring days, with at least one of those days being a
weekend day (n= 96459). Physical activity intensity was classified with
a validated accelerometer-based activity machine learning scheme cover-
ing VPA, moderate intensity physical activity, and light intensity physical
activity.16 Briefly, this activity scheme uses features in the raw acceler-
ation signal to identify and quantify time spent in different activity types
and intensities in 10 s windows. A complete description is provided in
Supplementary material online, Text 1. To calculate physical activity vol-
ume, we summed time spent in each respective activity intensity band
across all valid wear days. Because 96% of VPA volume occurred in bouts
lasting up to 2 min, we did not carry out analyses of longer bouts.

Outcome ascertainment
Participants were followed up through 31 October 2021, with deaths
obtained through linkage with the NHS Digital of England andWales or
the NHS Central Register and National Records of Scotland. Inpatient
hospitalization data were provided by either the Hospital Episode
Statistics for England, the Patient Episode Database for Wales, or the
Scottish Morbidity Record for Scotland. Cancer data linkage was ob-
tained through national cancer registries. For England and Wales, can-
cer diagnosis data were provided by the Medical Research Information
Service, based at the NHS Information Centre. For Scotland, cancer
diagnosis data were provided by the Information Services Division,
which is part of the NHS Scotland. Methods for the assessment of
CVD and cancer incidence are provided in Supplementary material
online, Table S1. In short, CVDwas defined as diseases of the circulatory
system, excluding hypertension, diseases of arteries, and lymph. Cancer
was defined as neoplasms, excluding in situ, benign, uncertain, non-
melanoma skin cancer, or non-well-defined cancers. Due to the nature
of rolling updates for the data linkage, censoring dates varied between
resources (between September 2021 and October 2021).

Covariates
Based on the directed acyclic graph presented in Supplementary
material online, Figure 2, our selection of covariates included: age, sex,
accelerometer wear time, light intensity physical activity minutes, mod-
erate intensity physical activity minutes, smoking status, alcohol con-
sumption, sleep score based on five sleep indices (morning
chronotype, sleep duration, insomnia, snoring, and daytime sleepi-
ness),17 fruit and vegetable consumption, discretionary screen-time de-
fined as time spent watching TV or using the computer outside of work,
highest attained education level, self-reported parental history of CVD
and cancer, and cholesterol, blood pressure, or diabetes medication
use. Complete covariate definitions are provided in Supplementary
material online, Table S2.

Analysis
We tabulated mortality and disease rate per 1000 person-years, the
crude risk, and age- and sex-adjusted incidence rate ratio within VPA vol-
ume groups (no VPA, >0 to <10 min/week, 10 to <30 min/week, 30 to
<60 min/week, and ≥60 min/week). We calculated the dose–response
absolute risk between VPA volume and each outcome using Poisson re-
gression18 (natural splines with knots at 10th, 50th, and 90th percen-
tiles19) to estimate the probability and the 95% confidence intervals
(CIs) of an event adjusting for all covariates. Further, we examined the
time-to-event dose-response associations of VPA volume, frequency
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(bouts/week), and the percentage contribution of VPA to total MVPA
volume (%VPA)with the five outcomes. For these analyses, we calculated
hazard ratios (HRs) using Cox proportional hazards (ACM) and
Fine-Gray subdistribution models for CVD and cancer outcomes (treat-
ing non-CVD or cancer deaths as competing risks as appropriate) with
knots at 10th, 50th, and 90th percentiles19 and age as the timescale.
We also calculated the adjusted survival probability and 5-year risk.
Sequential hazards modelling for VPA volume included adjustments
for: sex (Model 1); Model 2 additionally adjusted for lifestyle and health
factors (smoking, alcohol, sleep quality score, discretionary screen-time,
diet, family history of CVD and cancer, andmedication use); Model 3 add-
itionally adjusted for physical activity variables (light and moderate inten-
sity minutes, and accelerometer wear time), as well as mutual adjustment
for volume and frequency of VPA.We present Model 3 as the main ana-
lysis. The reference was set to 2.2 min/week, equivalent to the 5th per-
centile of the volume distribution, one bout/week for frequency analysis,
and 0.25% for %VPA analysis. Proportional hazards assumptions were as-
sessed using Schoenfeld residuals and no violations were observed (P>
0.05). For both absolute risk and HR analyses, departure from linearity
was assessed by a Wald test examining the null hypothesis that the co-
efficient of the second spline was equal to zero.

We calculated E-values to estimate the plausibility of bias from un-
measured confounding.20 The E-values indicate the required magnitude
of the association unmeasured confounders to reduce findings to null.
Additional time-to-event analyses were performed to examine associa-
tions with mortality and incident disease across lifestyle and health vari-
able groups. To provide conservative point estimates for associations,
we assessed the minimal dose, defined as the volume of VPA associated
with 50% of the lowest HR (‘optimal dose’; nadir of the dose
curve).21,22 We used bootstrapping with replacement (1000 iterations)
to calculate CIs for the optimal and minimal dose. We fit interaction
terms between VPA volume and light andmoderate volume, separately.
The interaction term was not significant and did not improve model fit,
and therefore we do not present effect modification. To examine the
possibility of reverse causation, we excluded the second year from ac-
celerometry measurement baseline and those participants who were
on CVD medication or who had self-rated poor health.

To further assess robustness of our results to alternative analytic de-
cisions, we carried out the following sensitivity analyses: (i) we addition-
ally adjusted analyses for (body mass index-based) obesity strata; (ii) we
set the reference to zero minutes and 6.7 min/week (20th percentile of
volume distribution); (iii) we included participants with less than one

year of follow-up; (iv) we imputed missing data for covariates by using
multiple imputation using chained equations (five imputed data sets);
and (v) we assessed the dose-response of ACM with CVD and cancer
deaths treated as competing risks.

We performed all analysis using R statistical software with the rms
and survival packages.23,24

Results
Our analytic sample for mortality included 71 893 participants [me-
dian age (IQR): 62.5 (55.3, 67.7) years; 55.9% female; characteristics
of excluded participants are shown in Supplementary material
online, Table S3) followed up for an average of 5.9± 0.8 years (starting
from the landmark period 12 months after follow-up, or 6.9 years
from accelerometry measurement) with 1927 deaths (602 CVD
and 1150 cancer; Supplementary material online, Table S4). Our inci-
dent CVD sample included 71 049 participants with 4567 (3965 non-
fatal; Supplementary material online, Table S5) events. Our incident
cancer sample included 71 070 participants with 2854 (1704 non-fatal;
Supplementary material online, Table S5) events. Median VPA and %
MVPA time was 16.5 (IQR= 8.3, 38.5) minutes/week and 9.0%
(3.8%, 18.5%), respectively. The median frequency of VPA bouts/
week lasting up to 2-minutes was 13 (5, 25). Participants wore the ac-
celerometers for an average of 6.7 days and 22.8 h/day. Participant
characteristics by VPA volume are provided in Table 1. Within each
low-to-high quartile, median VPA time was 5.7, 15.7, 38.3, and
88.5 min/week, respectively.

Mortality and disease incidence risk
Tables 2 and 3present the crude event rates per 1000 person-years,
crude risk, and sex and age adjusted incidence rate ratios for mortality
and disease incidence by VPA volume groups. Compared to partici-
pants with zero minutes of VPA, the incidence rate ratio among parti-
cipants with 10 to 30 min/week was approximately one-third for
all-cause [0.35 (95% CI: 0.30, 0.42)] and CVD mortality [0.34 (0.26,
0.46)]. The rate was about one-half for 10–30 min/week for CVD
[0.58 (0.50, 0.67)] and cancer incidence [0.44 (0.34, 0.56)].

Figures 1–3 show the adjusted absolute risk, adjusted 5-year risk, and
adjusted survival curves. Participants with zero minutes of VPA had an
absolute risk of 1.69% (1.45%, 1.99%) (5-year risk= 4.17% (3.19%,

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Mortality and disease incidence event rates per 1000 person-yearsa

Vigorous physical activity (min/week)bEvents

None >0 to <10 ≥10 to <30 ≥30 to <60 ≥60

All-cause mortality 1927 13.4 (11.7, 15.4) 5.5 (5.1, 5.9) 3.8 (3.6, 4.1) 2.6 (2.3, 3.0) 1.8 (1.4, 2.1)

CVD mortality 602 4.4 (3.4, 5.6) 1.9 (1.7, 2.2) 1.2 (1.0, 1.4) 0.7 (0.5, 0.9) 0.3 (0.2, 0.5)

Cancer mortality 1150 5.5 (4.4, 6.9) 2.6 (2.3, 2.9) 1.9 (1.7, 2.1) 1.4 (1.2, 1.7) 1.0 (0.8, 1.4)

CVD incidence 4567 22.5 (20.1, 25.1) 14.5 (13.9, 15.2) 10.8 (10.3, 11.3) 8.8 (8.2, 9.4) 7.4 (6.7, 8.1)

Cancer incidence 2854 13.2 (11.4, 15.2) 8.0 (7.5, 8.5) 6.1 (5.8, 6.5) 5.2 (4.7, 5.7) 3.9 (3.4, 4.5)

aUnadjusted estimates.
bGroupings are based on quartiles of vigorous physical activity volume with zero minutes/week as its own group.
CVD included ICD-10 codes: I0, I11, I13, I20-I51, I60-I69.
Cancer included ICD-10 codes: C0-C9, excluding basal and squamous cell carcinoma.
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5.13%) for all-cause mortality. In comparison, 10 to <30 min/week of
VPA was associated with a risk of 1.35% (1.18%, 1.55%) [5-year risk=
1.78% (1.53%, 2.03%)], 30 to <60 min/week had a risk of 1.06%
(0.90%, 1.24%) [5-year risk= 1.47% (1.21%, 1.73%)], and ≥60 min/
week had a risk of 1.05% (0.87%, 1.27%) [5-year risk= 1.10% (0.84%,
1.36%)]. For CVD incidence, corresponding results were 4.96%
(4.50%, 5.47%) [5-year risk= 7.64% (6.46%, 8.81%), 4.08% (3.75%,
4.45%)] [5-year risk= 4.65% (4.26%, 5.04%)], 3.32% (3.02%, 3.65%)

[5-year risk= 4.26% (3.84%, 4.68%)], and 3.29% (2.95%, 3.68%) [5-year
risk= 4.02% (3.53%, 4.51%)], respectively. For cancer incidence, they
were 2.34% (2.08%, 2.66%) [5-year risk= 7.30% (5.90%, 8.68%)],
1.94% (1.78%, 2.13%) [5-year risk= 4.79% (4.30%, 5.28%)], 1.84%
(1.68%, 2.03%) [5-year risk= 4.82% (4.22%, 5.42%)], and 1.86%
(1.60%, 2.24%) [5-year risk= 4.36% (3.67%, 5.05%)]. Supplementary
material online, Table S6 presents the absolute risk estimates in five mi-
nute increments for all mortality and disease incidence outcomes.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 3 Crude risk, and sex and age adjusted incidence rate ratio by vigorous physical activity groups

Vigorous activity (min/week)a Crude risk (%) Incidence rate ratio

All-cause mortality

None 10.23 (8.77, 11.70) Reference

>0 to <10 4.02 (3.78 4.35) 0.45 (0.39, 0.54)

≥10 to <30 2.66 (2.49, 2.82) 0.35 (0.30, 0.42)

≥30 to <60 1.82 (1.63, 2.01) 0.27 (0.22, 0.33)

≥60 1.23 (1.03, 1.42) 0.20 (0.16, 0.26)

Cardiovascular disease mortality

None 3.47 (2.58, 4.36) Reference

>0 to <10 1.41 (1.27, 1.54) 0.51 (0.39, 0.67)

≥10 to <30 0.82 (0.73, 0.91) 0.34 (0.26, 0.46)

≥30 to <60 0.47 (0.37, 0.57) 0.22 (0.15, 0.31)

≥60 0.21 (0.12, 0.29) 0.11 (0.06, 0.19)

Cancer mortality

None 4.94 (3.89, 5.99) Reference

>0 to <10 2.21 (2.04, 2.39) 0.55 (0.43, 0.71)

≥10 to <30 1.62 (1.49, 1.75) 0.44 (0.34, 0.56)

≥30 to <60 1.21 (1.06, 1.37) 0.37 (0.28, 0.50)

≥60 0.90 (0.73, 1.06) 0.31 (0.22, 0.44)

Cardiovascular disease incidence

None 15.52 (13.77, 17.27) Reference

>0 to <10 9.78 (9.43, 10.13) 0.73 (0.64, 0.84)

≥10 to <30 7.21 (6.94, 7.48) 0.58 (0.50, 0.67)

≥30 to <60 5.92 (5.58, 6.25) 0.50 (0.43, 0.58)

≥60 5.05 (4.64, 5.45) 0.47 (0.39, 0.55)

Cancer incidence

None 5.80 (4.36, 7.24) Reference

>0 to <10 3.77 (3.49, 4.04) 0.53 (0.42, 0.68)

≥10 to <30 2.31 (2.10, 2.52) 0.44 (0.34, 0.56)

≥30 to <60 1.68 (1.41, 1.94) 0.40 (0.30, 0.53)

≥60 0.80 (0.51, 1.09) 0.38 (0.25, 0.56)

aGroupings are based on quartiles of vigorous activity volume with zero minutes/week as its own group.
CVD included ICD-10 codes: I0, I11, I13, I20-I51, I60-I69.
Cancer included ICD-10 codes: C0-C9, excluding basal cell carcinoma and squamous cell carcinoma.
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Multivariable-adjusted associations
with all-cause, cardiovascular
disease, and cancer mortality
Volume
We observed a non-linear (pnon-linear< 0.01) dose–response association
for VPA volume and ACM with the optimal dose (lowest HR) at 53.6
(50.5, 56.7) minutes/week [corresponding to an HR of 0.64 (0.54,
0.77)]compared with the referent 2.2 min/week (Figure 4A). The min-
imum dose of VPA was 14.9 [14.3, 15.4] min/week [0.82 (0.75, 0.89)]
with an E-value of 1.74 (lower 95% CI 1.49). There was an inverse linear
(pnon-linear= 0.42) dose-response association of VPA volume and CVD
mortality (Figure 4B). The minimum dose was 19.2 (16.5, 21.9)
min/week [0.60 (0.50, 0.72)] with an E-value of 2.73 (2.11). Higher
VPA volume was associated with decreased cancer mortality in a non-
linear (pnon-linear= 0.02) relationship with the optimal dose at 55.4
(54.0, 56.0) minutes/week [0.68 (0.52, 0.88)] (Figure 4C). The minimum
dose was 15.9 (15.5, 16.3) minutes/week [0.84 (0.74, 0.95) with an
E-value of 1.68 (1.29)]. Across lifestyle and health groups, we observed
lower mortality HR for the minimum dose of VPA with all

three mortality outcomes except for participants with a parental history
of cancer (Supplementary material online, Figures 3–5). Supplementary
material online, Figure 6 shows the sequential modelling results.

Percent contribution of vigorous activity
and frequency
There was a non-linear inverse dose–response (Supplementary material
online, Figure 7) association for %VPA and all three mortality outcomes.
The optimal dose was 8.4% (6.7%, 10.2%) and 8.1% (6.1%, 10.2%) for
ACM [0.54 (0.46, 0.63)] and CVD [0.42 (0.31, 0.55)], respectively.
Attenuation of the association for %VPA became pronounced at >11.0%
for CVDmortality. For cancer mortality, there was no appreciable (rate of
HR change <0.003) HR decrease beyond 15.0% [0.63 (0.45, 0.88)]. Bouts
lasting up to 2 min exhibited an inverse non-linear (pnon-linear<0.01) associ-
ationwithall-causeandcancermortality,withtheoptimaldoseat27(24,30)
bouts/week[0.73(0.62,0.87)]and31(27,35)bouts/week[0.60(0.49,0.73)],
respectively.CVDmortalityexhibitedan inverse linearassociation(pnon-linear
=0.38) with a minimum frequency dose of 14 (12, 16) bouts/week [0.65
(0.53, 0.80)] (Supplementary material online, Figure 8A–C).

Figure 1 Adjusted absolute risk estimates formortality anddisease incidence by vigorous physical activity volume (minutes/week). Adjusted for age, sex,wear
time, light intensity, moderate intensity, frequency of vigorous bouts, smoking history, alcohol consumption, sleep score, diet, discretionary screen-time, edu-
cation, self-reportedparental history ofCVDand cancer, and self-reportedmedication use (cholesterol, bloodpressure, anddiabetes). The rangewas capped at
the 97.5 percentile to minimize the influence of sparse data. Mortality: n=71893; events: all-cause=1,927, cardiovascular disease=602, cancer=1150.
Cardiovascular disease: n=71,049, events=4567. Cancer: n=71,070, events=2854.
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Multivariable-adjusted associations
with cardiovascular disease, and
cancer incidence
Volume
Associations for CVD and cancer incidence were non-linear
(pnon-linear <0.01) with the optimal dose at 56.5 (55.4, 55.6) min/
week [0.69 (0.63, 0.76)] and 46.3 (42.9, 49.7) min/week [0.67
(0.55, 0.82)] (Figure 5A–B). The minimal dose for CVD was 15.0
(14.3, 15.7) min/week [0.85 (0.81, 0.89); E-value= 1.65 (1.51)], and
cancer was 12.0 (10.3, 13.7) min/week [0.83 (0.75, 0.93); E-value=
1.69 (1.36)]. Supplementary material online, Figure 9 shows the se-
quential modelling results.

Percent contribution of vigorous activity
and frequency
The dose–response curves for %VPA with CVD and cancer inci-
dence were non-linear (pnon-linear <0.01) (Supplementary material
online, Figure 10). The optimal dose for CVD and cancer was 7.1%
(3.3%, 10.4%) and 9.1% (6.1%, 12.1%) corresponding to an HR of
0.66 (0.56, 0.79) and 0.61 (0.47, 0.80). The minimum frequency
dose for bouts lasting up to 2 min was 10 (7, 13) bouts/week for
CVD and cancer incidence corresponding to an HR of 0.84 (0.80,
0.89) and 0.83 (0.74, 0.92) (Supplementary material online,
Figure 8D–E).

Sensitivity and additional analyses
Our sensitivity analyses produced similar findings. For example, exclud-
ing the first 2 years of follow-up, participants with self-rated
poor health, or using CVD medication, there was an inverse linear
(pnon-linear= 0.10) dose–response association for CVD mortality, and
for ACM, the optimal and minimum dose was 56.0 (50.4, 61.4) min/
week [0.74 (0.59, 0.92)] and 16.0 (12.8, 19.2) min/week [0.87 (0.78,
0.97)] (Supplementary material online, Figure 11). Results were robust
when adjusting for obesity strata (results available upon request). Dose–
response associations were consistent for VPA volume when zero min,
or 6.7 min (20th percentile) was the reference (Supplementary material
online, Figure 12), or when multiple imputation of covariates was applied
(results available upon request). Including participants with an event in the
first year of follow-up showed similar HRs as the main analysis except for
CVD incidence where associations were more pronounced
(Supplementary material online, Figures 13 and 14). In the ACM analyses
treating CVD and cancer deaths as competing risk (Supplementary
material online, Figure 15) the optimal dose for bouts/week was 24 (20,
28) corresponding to an HR of 0.50 (0.36, 0.71). The optimal dose for
VPA volumewas 52.2 (48.9, 55.5) min/week [0.41 (0.28, 0.61)] with amin-
imal dose of 12.8 (10.2, 15.4) min/week [0.70 (0.60, 0.82)].

Discussion
We observed a consistent non-linear inverse association between VPA
and all-cause and cancer mortality, and a linear dose-response associ-
ation for CVD mortality. The incident disease optimal and minimal

Figure 2Adjusted 5-year risk for mortality and disease incidence by vigorous physical activity volume groups. Timescale was follow-up years. Adjusted
for age, sex, wear time, light intensity, moderate intensity, frequency of vigorous bouts, smoking history, alcohol consumption, sleep score, diet, dis-
cretionary screen-time, education, self-reported parental history of CVD and cancer, and self-reported medication use (cholesterol, blood pressure,
and diabetes). Mortality: n= 71 893; events: all-cause= 1,927, cardiovascular disease= 602, cancer= 1150. Cardiovascular disease: n= 71,049, events=
4567. Cancer: n= 71,070, events= 2854.
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dose results were broadly comparable with those from mortality, with
a steep gradient for 5-year CVD incidence risk. While acknowledging
that VPA guidelines were largely derived from questionnaire data,
our dose–response curves for all three mortality outcomes suggested
that levels well under the current recommended 75 min/week of
VPA were associated with the lowest risk.

We found ∼53 min/week of VPA was associated with 36% lower
ACM, with modest additional beneficial associations for more VPA.
Regarding minimum dose, ∼15 min/week was associated with a 16–
18% lower all-cause and cancer mortality risk, and 20 min/week was as-
sociated with a 40% lower CVD mortality risk (Structured Graphical
Abstract). These findings are important from a public health and clinical

Figure 3Adjusted survival curves for mortality and disease incidence by vigorous physical activity volume groups. Timescale was age. Adjusted for sex,
wear time, light intensity, moderate intensity, frequency of vigorous bouts, smoking history, alcohol consumption, sleep score, diet, discretionary
screen-time, education, self-reported parental history of CVD and cancer, and self-reported medication use (cholesterol, blood pressure, and diabetes).
Mortality: n= 71 893; events: all-cause= 1,927, cardiovascular disease= 602, cancer= 1150. Cardiovascular disease: n= 71,049, events= 4567. Cancer:
n= 71,070, events= 2854.
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perspective, given that lack of time remains the most commonly cited
barrier to regular physical activity across age, sex, ethnicity, and health
status.25–27

Only 20% of middle age to older adults report engaging in any VPA
for at least 15 continuous minutes.28 Sustained participation in VPA
leisure-time physical activity requires considerable time and often mon-
etary commitment and can be physically challenging for people with
poor fitness or established cardiovascular and cancer risk factors
such as hypertension and obesity. Our results show accumulating
VPA in short bouts that last up to 2 min on average four times/day
was associated with substantially lower (27%) mortality risk.
Although not directly assessed in this study, our findings suggest that
short VPA bouts may be also embedded into regular activities of daily
living and accrued intermittently throughout a week.3 The VPA volume
doses we identified as potentially beneficial were consistent across age,
sex, and many lifestyle and health risk factors. They are also consistent
with proof of concept trials showing demonstrable effects of short
VPA bouts on cardiorespiratory fitness in physically inactive
adults.29,30 Findings from these trials suggest short VPA durations
can stimulate the cardiorespiratory system and lead to measurable
cardiovascular adaptations. This is particularly relevant for clinicians
and health practitioners who provide intervention to individuals

who may be unable or unwilling to engage in long blocks of sustained
exercise-based VPA. The latest European Society of Cardiology
guidelines identified physical activity as a modifiable risk factor that re-
mains challenging to address, even among patients considered to be at
high CVD risk.31 Encouraging participation in VPA of any length
throughout the day provides additional options for adults of all
ages, which might facilitate engagement, long-term adherence, and
promote VPA opportunities.

Questionnaire-based studies have suggested 60–70 min/week of
VPA behaviour can attenuate mortality risk by 30%.10,11,32,33 Our
device-based findings suggest that a minimal dose of 20 min/week of ac-
tual VPA provides similar levels of lower mortality risk. While acknow-
ledging that questionnaires and devices measure related but different
constructs, our study suggests a∼3:1 equivalence of VPA time captured
by questionnaires and accelerometers.

Previous studies assessing %VPA reported much higher percentages
(30 to 50%) were associated with 10% lower mortality relative to no
VPA.6,7 These previous %VPA findings may be affected by the suscep-
tibility of over-reporting due to social desirability bias from self-reports.
By using objective device-based measures of physical activity, we found
a contribution of 8% had the strongest association and lowered mortal-
ity risk by 45% to 53%. These findings suggest that relatively modest

Figure 4Dose–response association between vigorous physical activity volume (minutes/week) and all-cause, cardiovascular disease, and cancer mor-
tality. Timescale was age. Adjusted for sex, wear time, light intensity, moderate intensity, frequency of vigorous bouts, smoking history, alcohol con-
sumption, sleep score, diet, discretionary screen-time, education, self-reported parental history of CVD and cancer, and self-reported medication
use (cholesterol, blood pressure, and diabetes). The range was capped at the 97.5 percentile to minimize the influence of sparse data. Sample= 71
893; events: all-cause= 1,927, cardiovascular disease= 602, cancer= 1150; reference= 2.2 min/week. Linearity: ACM (P< 0.01); CVD (P= 0.42); can-
cer (P< 0.01). Nadir: ACM [53.6 min/wk; HR= 0.64 (0.54, 0.77)]; cancer [55.4 min/wk; HR= 0.68 (0.52, 0.88)].
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contributions of VPA relative to total MVPA are associated with sub-
stantively lower risk for mortality and incident disease, calling for pro-
motion of even small amounts of vigorous intensity activities. These
beneficial associations are more pronounced than previously reported
by studies using questionnaire-based data.6–8 This may provide oppor-
tunities for improvement of CVD preventative strategies in
cardio-oncology where high-intensity activity has been shown to at-
tenuate the cardiotoxicity of cancer treatments.34,35 Whilst our results
reflect associations that can be expected in the general population, the
health benefits from contributions of different %VPA proportions
should be considered in relation to a person’s capacity. Narrative re-
views36 and meta-analyses37,38 report mixed findings on the relative
contributions of moderate and vigorous activities. A recent review of
physical activity intensity39 suggests that the balance of physical activity
intensities needs to be determined relative to a person’s fitness and
functional capacity, reflecting metabolic conditions above which physio-
logical homeostasis is challenged and adaptations occur.

Previous device-based studies40–42 have used a lower resolution of
physical activity, measured in 1 minute intervals, which may mask short
VPA durations and lead to an under-estimation of VPA volume, and
over-estimation of VPA volumes associated with health outcomes.
Under-estimation of VPA volume would have contributed to low stat-
istical power, making it difficult to discern associations of VPA volume

and frequency with health outcomes. Using a higher resolution of phys-
ical activity measures (10 second interval), we found the majority (92%)
of VPA durations lasted 1 minute or less. This is consistent with a
study43 in overweight postmenopausal women that reported significant
interval effects for estimated VPA time over 7 days for 10 s intervals
compared with 1 min intervals and a review in children that found
VPA volume decreased 4-fold when measurement intervals increased
from 5 s to 1 min using wearable devices.44 Studies assessing the
association between CVD incidence and physical activity intensity vol-
ume with wrist-worn devices have reported an inverse linear associ-
ation.45,46 We now further focus specifically on VPA and investigate
in depth not only the volume dose response but also the associations
of weekly frequency and the percentage contribution of VPA to total
MVPA time with mortality and incident disease risk. By using a two-step
activity recognition approach that considers activity type and inten-
sity,47,48 our study provides translation-ready VPA findings for public
health guidelines and preventive care practice.

Strengths and limitations
Strengths of our study include the use accelerometers to objectively
measure physical activity in the largest resource to date with linkage

Figure 5 Dose–response association between vigorous physical activity volume (min/week) and incidence of cardiovascular disease (n= 71 049;
events= 3730) and cancer (n= 71 070; events= 1315). Timescale was age. Adjusted for sex, wear time, light intensity physical activity, moderate in-
tensity physical activity, frequency of vigorous bouts, smoking history, alcohol consumption, sleep score, diet, screentime, education, self-reported par-
ental history of CVD and cancer, and self-reported medication use (cholesterol, blood pressure, and diabetes). The range was capped at the 97.5
percentile to minimize the influence of sparse data. Cardiovascular disease: n= 71,049, events= 4567. Cancer: n= 71,070, events= 2854.
Reference= 2.17 min/week. Linearity: CVD (P< 0.01); cancer (P< 0.01). Nadir: CVD (56.5 min/wk; HR= 0.69 [0.63, 0.76]); cancer (46.3 min/wk;
HR= 0.67 [0.55, 0.82]).
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to prospective outcomes.49 The large sample size and long follow up
allowed us to reduce the risk of reverse causality by removing partici-
pants who had an event in the first two years, prevalence of major dis-
ease, self-rated poor health, or used CVD medication. Despite the
extensive precautionary measures, the potential for reverse causation
may still exist caused by low activity levels due to undiagnosed or pro-
dromal disease.50 Due to the observational design, we cannot rule out
the presence of unmeasured confounding. However, our e-values indi-
cate an unmeasured confounder would have to have a strong associ-
ation between 1.65 and 2.73 with the exposure and outcome for the
observed relationship to be null. The UK Biobank had a very low re-
sponse rate, and participants in our sample were subject to additional
selection criteria and should be considered when interpreting our re-
sults. Although, evidence suggests that this and the subsequent unrep-
resentativeness to the target population does not affect estimates of
physical activity with mortality.51

Conclusion
Approximately 15–20 min of vigorous activity per week accrued
through short bouts were associated with lower mortality, and CVD
and cancer incidence. Our findings suggest premature mortality and
major chronic disease may be lowered through relatively modest
amounts of VPA with further decreases up to 50–57 min/week.
These results may inform future physical activity recommendations
and, combined with effective intervention strategies, may improve
population health outcomes.

Supplementary material
Supplementary material is available at European Heart Journal online.
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