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% Check for updates Wearable devices can capture unexplored movement patterns such as

briefbursts of vigorous intermittent lifestyle physical activity (VILPA)
thatisembedded into everyday life, rather than being done as leisure

time exercise. Here, we examined the association of VILPA with all-cause,
cardiovascular disease (CVD) and cancer mortality in 25,241 nonexercisers
(mean age 61.8 years, 14,178 women/11,063 men) in the UK Biobank. Over
an average follow-up of 6.9 years, during which 852 deaths occurred,

VILPA was inversely associated with all three of these outcomesina
near-linear fashion. Compared with participants who engaged in no VILPA,
participants who engaged in VILPA at the sample median VILPA frequency
of 3 length-standardized bouts per day (lasting 1 or 2 min each) showed a
38%-40% reductionin all-cause and cancer mortality risk and a 48%-49%
reductionin CVD mortality risk. Moreover, the sample median VILPA
duration of 4.4 min per day was associated with a26%-30% reductionin
all-cause and cancer mortality risk and a 32%-34% reduction in CVD mortality
risk. We obtained similar results when repeating the above analyses for
vigorous physical activity (VPA) in 62,344 UK Biobank participants who
exercised (1,552 deaths, 35,290 women/27,054 men). These results indicate
that small amounts of vigorous nonexercise physical activity are associated
with substantially lower mortality. VILPA in nonexercisers appears to elicit
similar effects to VPA in exercisers, suggesting that VILPA may be asuitable
physical activity target, especially in people not able or willing to exercise.

Physical activity is associated with reduced mortality risk',andreduced  activity (=6 metabolic equivalents) per week. New emphasis is placed
riskof CVD'and certain cancers**. Recently updated guidelines**,based  on ‘all activity counts’ occurring across all life domains and regardless
mostly on questionnaire-derived evidence, recommend150-300 minof ~ of bout duration. Thisrecommendation contrasts with previous guide-
moderate-intensity activity or 75-150 min of vigorous-intensity physical  lines®’ that did not recognize the health value of physical activity bouts
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Fig. 1| Flow diagram of non-exercisers. Flow diagram of UK Biobank participants for the dose-response analyses of VILPA.

lasting <10 min. Besides, little evidence supports the previous guideline
because questionnaires can typically capture only longer bouts (for
example, =10 min) of physical activity and often concentrate on leisure
time activities such as gym-based exercise, running and sports®’.

The health effects of each time unit of physical activity are inten-
sity dependent’®", For a given volume of physical activity, higher
contributions of VPA are associated with additional mortality risk
reduction’®™, This is partly due to the enhanced cardiorespiratory
adaptations it causes™ and the protection it offers against the devel-
opment of certain cancers™'®, Although vigorous-intensity physical
activity istime-efficient, vigorous structured exercise-based sessions
(forexample, gym-based, sports, high-intensity interval training) are
not feasible or appealing to the majority of middle-aged adults, as indi-
cated by the very low participation rates®*””. Over amedian follow-up of
3.1years, aprevious UK Biobank accelerometry study'® concluded that
moderate- to vigorous-intensity activity was associated with greater
reductions in all-cause mortality risk than lower-intensity activity.
However, VPA was not specifically quantified in this study'.

VILPA" refers to brief and sporadic (for example, up to1or up to
2 minlong) bouts of vigorous-intensity physical activity done as part
of daily living, such as bursts of very fast walking while commuting

to work or moving from place to place, or stair climbing®. No cohort
study has examined the associations of VILPA with mortality or other
prospective outcomes. For most adults, VILPA may be more feasible
thanstructured exercise because it requires minimal time commitment
and involves no specific preparation, equipment or access to facili-
ties. Many common activities of daily living are likely to elicit relative
vigorous-intensity effortin physically inactive adults with poor fitness
who do not habitually exercise”, which is the majority demographic
in many countries®>*%,

In contrast to questionnaires, wearable devices such as wrist***
or thigh**?” accelerometers continuously record movement at a high
resolution allowing them to capture fine-grain patterns of brief physi-
cal activity bouts, such as VILPAY. The rapidly growing use of wearable
devicesinresearch®”>°and among consumers™ offers opportunities
tobetter understand the health-enhancing potential of VILPA and analo-
gous unexplored movement ‘micro-patterns’. Such potentialiis greatly
enhanced by the recent application of machine learning®>*in studies
using wearable devices to understand the health effects of movement.

In a sample of UK Biobank participants with accelerometry data
whoreported no exercisein their leisure time, we examined the dose—
response curves and minimum VILPA dose (daily duration and bout
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Table 1| Sample characteristics, as stratified by average daily frequency of VILPA bouts (n=25,241)

Number of daily VILPA bouts lasting up to 2minutes

(o} 1-2 3-4 24 Overall
n 2,816 8,088 8,768 5,569 25,241
Follow-up, years 6.8 (1.0) 6.9 (0.8) 6.9 (0.8) 6.9 (0.7) 6.9 (0.8)
Age, mean (s.d.) 64.7 (6.8) 62.9 (7.4) 61.3(76) 597 (77) 61.8(7.6)
Male, n (%) 888 (31.5) 2,977 (36.8) 4,079 (46.5) 3,119 (56.0) 11,063 (43.8)
Ethnicity, n (%)
Asian 30(11) 93 (1.1) 19 (1.4) 84 (1.5) 326 (1.3)
Black 18 (0.6) 74.(0.9) 89(1.0) 80 (1.4) 261(1.0)
Mixed 16 (0.6) 40 (0.5) 55 (0.6) 46 (0.8) 157 (0.6)
Other 21(0.7) 76 (0.9) 66 (0.8) 60 (1.1) 223(0.9)
White 2,731(97.0) 7,805 (96.5) 8,439 (96.2) 5,299 (95.2) 24,274 (96.2)
Smoking history, n (%)
Current 328 (11.6) 766 (9.5) 775 (8.8) 456 (8.2) 2,325 (9.2)
Previous 1,042 (37.0) 2,898 (35.8) 3,00 (35.4) 1,905 (34.2) 8,945 (35.4)
Never 1,446 (51.3) 4,424 (54.7) 4,893 (55.8) 3,208 (57.6) 13,971(55.4)
Body mass index 29.6 (5.9) 28.4(5.3) 27.3(4.7) 26.3(4.3) 276 (5.1)
Alcohol consumption, n (%)?
Never 138 (4.9) 345 (4.3) 300 (3.4) 190 (3.4) 973 (3.9)
Ex-drinker 140 (5.0) 307 (3.8) 266 (3.0) 155 (2.8) 868 (3.4)
Within guidelines 1,760 (62.5) 4,939 (61.1) 5,087 (58.0) 3,203 (57.5) 14,989 (59.4)
Above guidelines 778 (27.6) 2,497 (30.9) 3115 (35.5) 2,021(36.3) 8,411(33.3)
Education, n (%)
College 975 (35.3) 2,941 (37.0) 3,196 (37.2) 2,002 (36.7) 9114 (36.8)
A/AS level 380 (13.8) 1,010 (12.7) 1,107 (12.9) 702 (12.9) 3199 (12.9)
O level 621(22.5) 1,763 (22.2) 1,955 (22.7) 1,209 (22.2) 5,548 (22.4)
CSE 105 (3.8) 376 (4.7) 444 (5.2) 360 (6.6) 1,285 (5.2)
NVQ/HND/HNC 147 (5.3) 461(5.8) 557 (6.5) 401(7.4) 1,566 (6.3)
Other 535 (19.4) 1,389 (17.5) 1,337 (15.6) 776 (14.2) 4,037 (16.3)
Fruit and vegetable consumption, n (%)°
High 889 (31.6) 2,517 (31.1) 2,693 (30.7) 1,689 (30.3) 7,788 (30.9)
Moderate 1,287 (45.7) 3,766 (46.6) 4,067 (46.4) 2,593 (46.6) 1,713 (46.4)
Low 640 (22.7) 1,805 (22.3) 2,008 (22.9) 1,287 (23.) 5,740 (22.7)
Family history of CVD, n (%) 1,680 (59.7) 4,588 (56.7) 4,752 (54.2) 2,919 (52.4) 13,939 (55.2)
Family history of cancer, n (%) 748 (26.6) 2,009 (26.1) 2,221(25.3) 1,366 (24.5) 6,444 (25.5)
Medication, n (%)
Cholesterol 720 (25.6) 1,613 (19.9) 1,339 (15.3) 678 (12.2) 4,350 (17.2)
Blood pressure 891(31.6) 1,859 (23.0) 1,639 (18.7) 740 (13.3) 5129 (20.3)
Insulin 54(1.9) 87(1.1) 65 (0.7) 28 (0.5) 234 (0.9)
Self-rated health, n (%)
Poor 240 (8.5) 491(6.1) 350 (4.0) 142 (2.5) 1,223 (4.8)
Fair 868 (30.8) 1,969 (24.3) 1,845 (21.0) 1,030 (18.5) 5,712 (22.6)
Good 1,433 (50.9) 4,630 (57.2) 5,290 (60.3) 3,432 (61.6) 14,785 (58.6)
Excellent 259 (9.2) 965 (11.9) 1,270 (14.5) 956 (17.2) 3,450 (13.7)
Sleep (hours per day), median [IQR] 7.3[6.3,8.2] 7.3[6.3,81] 741[6.5,81] 741[6.5,81] 741[6.4,81]

Acceleration magnitude (milli-gravity)
[IQR]

20.7[17.2,25.3]

24.5[20.9,29.3]

28.2[24.3,33.3]

33.5[28.8,39.6]

27.2[22.4,30.6]

Total activity (min per day), median [IQR]®

110.2[70.5,169.5]

119.1[82.7,181.3]

136.3[99.9, 196.8]

176.8 [133.4,239.9]

138.3[96.0, 201.0]

Light activity (min per day), median [IQR]

92.8[59.0, 145.4]

94.6[63.8,146.7]

98.0[69.0, 146.6]

105.2 [75.4,149.2]

98.0[68.0, 147.0]
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Table 1(continued) | Sample characteristics, as stratified by average daily frequency of VILPA bouts (n=25,241)

Number of daily VILPA bouts lasting up to 2minutes

(o] 1-2 3-4 24 Overall
Moderate activity (min per day), median 12.8 [6.4, 24.3] 20.0[11.4, 33.9] 27.9[17.3, 441] 39.7[26.0, 60.0] 25.9[14.6, 43.2]
[IQR]
Vigorous activity (min per day), median - 1.6[0.9,2.3] 4.7[2.6,5.9] 81[7.3,9.3] 4.0[1.3,91]
[IQR]
Percent of total activity in vigorous - 0.8[0.3,1.7] 3.7[2.0,61] 7.3[3.9,13.8] 3.2[1.0,7.9]
activity [IQR]
VILPA bouts frequency (up to Tmin = 10,2] 3[3, 4] 716,9] 3[2, 4]
duration), median [IQR]
VILPA bouts frequency (up to 2min - 10,2] 3[3,4] 8[6,10] 3[2,4]
duration), median [IQR]
Mortality rate (per 1,000 person-years)
All-cause mortality 10.4 5.2 4.2 26 4.9
CVD mortality? 31 1.8 1.3 0.5 1.5
Cancer mortality® 7.3 3.4 2.8 1.6 3.2

The columns breakdown corresponds to length-standardized VILPA bouts. Values represent mean (s.d.) unless specified otherwise. A/AS level, ; CSE, ; Higher National Certificate, ; Higher
National Diploma, ; IQR, interquartile range; National Vocational Qualification, ; O level, . 'Alcohol consumption: above guidelines is >14 units per week, where 1 unit=8g of ethanol. ?Fruits and
vegetable consumption: low is <5 servings per day, high is >8 servings per day. *Daily duration of light-, moderate- and vigorous-intensity activity. “Calculated from the CVD mortality sample

(n=23,903). °Calculated from the cancer mortality sample (n=22,699).

frequency) associated with all-cause, CVD and cancer mortality risk. To
provide apopulation-wide context for our findings, we also examined
the dose-response associations of (exercise or nonexercise) VPA with
the same mortality outcomes among exercisers in the UK Biobank
accelerometry substudy.

Results

Description of the study sample

Figure 1shows the sample derivation process, whichresultedin 25,241
(all-cause mortality analyses)/23,903 (CVD mortality analyses)/22,699
(cancer mortality analyses) UK Biobank participants beingincludedin
the corresponding analyses. Table 1 presents the characteristics of the
sample by daily VILPA frequency. The mean (s.d.) age of participants
was 61.8 (7.6) years, and 56.2% were female. Over a mean follow-up of
6.9 (0.8) years (175,528 person-years), 852 deaths were recorded (266
due to CVD and 511 due to cancer).

Supplementary Fig.1describes the sample derivation process for
the exercisers sample (defined as those who reported any leisure time
exercise/sports or more than one recreational walk per week). Over a
mean follow-up of 6.9 (0.8) years (432,545 person-years) 62,344 exer-
cisers were included in the all-cause mortality analyses (1,552 events),
56,810 were included in the CVD mortality analyses (303 events) and
56,397 wereincluded inthe cancer mortality analyses (736 events). Sup-
plementary Table 1 describes the characteristics of exercisers who, in
comparison with the nonexercisers, had higher educational attainment
(46.3% versus 36.8% with college/university degree), higher self-rated
health (25.2% versus 13.7% with excellent health) and lower medication
use (forexample, 15.3% versus 20.3% taking blood pressure medication).

VILPA summary and nonexerciser status

Toenable examination of VILPAin our study (brief bouts of nonexercise
VPA occurring during daily living), we used information on exercise
participationavailablein the UK Biobank Study (Supplementary Table
2). Our core VILPA analyses only included 25,241 participants who at
the UK Biobank baseline (on average 5.5 years before the accelerometry
baseline) reported no leisure time exercise participation and no more
thanonerecreational walk per week. For use in sensitivity analyses, we
alsoderived an alternative, more conservative, definition of nonexercis-
ersby excluding participants who reported any recreational walkingin
additiontoany leisure time exercise (n =10,230). Asubsample analysis

among 2,407 participants of our core sample who had a UK Biobank
re-examination an average (s.d.) of 1.5 (1.4) years before the acceler-
ometry measurements showed that the nonexerciser status was stable
over time: 82% reported no leisure time physical activity and no more
than one recreational walking session per week on both time points.
Amongthe 6,095 entire UK Biobank accelerometry sample participants
who reported no exercise at baseline and had a re-examination, 88%
maintained their no leisure time physical activity status over time.

Inthe core VILPA analyses sample of 25,241 participants, almost all
VILPAwas accrued inbouts lasting up to1or up to 2 min: 92.3% of bouts
lastedup to1 minand 97.7% lasted up to 2 min. Excluding VILPA values
of zero, the median and maximum VILPA daily duration was 4.0 and
16.0 min per day for both bout lengths; the median and maximum VILPA
frequency was 3.0 and 11.0 length-standardized bouts per day. Among
the 62,344 exercisers entered in the comparative analyses, the large
majority of context-agnostic (exercise or nonexercise) VPAwas accrued
inbouts lasting up to 2 min (93.1% of all VPA bouts). Median and maxi-
mum VPA daily durationwas 6.2 and 18.0 min per day; the medianand
maximum daily frequency was 4.4 and 14.0 length-standardized bouts
per day.Inthe nonexercisers sample, 11.2% of participants recorded no
VILPA. Inthe exercisers sample, 6.9% recorded no VPA.

Associations of VILPA with all-cause mortality

In multivariable-adjusted analyses (adjusted for age, sex, light- and
moderate-intensity physical activity, longer VPA bouts, smoking, alco-
hol, sleep duration®¢, fruit and vegetable consumption, education,
parental history of CVD and cancer, medication use, and prevalent
CVD and cancer; Supplementary Table 3), bouts lasting up to 1 min
(Fig. 2a,c) and up to 2 min (Fig. 2b,d), exhibited a near-linear dose—
response associations of daily VILPA daily duration and frequency with
all-cause mortality. Supplementary Table 4A presents the hazard ratio
(HR) and 95% confidence intervals (CI) associated with the minimum
dose (eliciting 50% of the total effect)*”*®, and the median and maximum
VILPA daily duration and frequency for each bout length. The minimum
frequency dose for length-standardized VILPA bouts lasting 1 min was
1.5bouts per day correspondingtoaHR 0f 0.75(95% C10.66, 0.85). The
medianand maximum VILPA frequency for length-standardized bouts
lasting 1 min were associated with a HR of 0.61 (0.50, 0.74) and 0.52
(0.37,0.72), respectively. The minimal daily duration dose*”** for VILPA
boutslasting up to1 minwas 3.4 min per day corresponding to a HR of
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which estimates the daily duration/frequency of VILPA associated with 50% of
optimal risk reduction. Circle, HR associated with the median VILPA value (see
Supplementary Table 4 for the list of values). Data are adjusted for the covariates
listed in the online Methods. The shaded region demarcated by dashed lines
represents the 95% CI. The solid line that lies within the shaded region represents
the HR. The arrowhead represents the absence of an observed inflection point
(forexample, larger risk reduction with higher amounts of VILPA). The histogram
on the right shows the sample distribution.

0.78 (95% C10.70, 0.86). The median and maximum VILPA volumes for
bouts lasting up to1 min were associated withaHR 0f 0.73 (0.63,0.85)
and 0.59 (0.46, 0.74). All-cause mortality findings for bouts lasting up
to2 minwere similarinterms of the dose-response curves (Fig. 2b,d),
the minimal dose values and the magnitude of the associations linked
to the median and maximum VILPA daily duration and frequency (Sup-
plementary Table 4A).

Associations of VILPA with CVD mortality

The beneficial associations found in the CVD mortality
multivariable-adjusted analyses were more pronounced than the
all-cause mortality findings for both bout lengths (Fig. 3a-d and Sup-
plementary Table 4B). For example, the minimum frequency dose for
length-standardized VILPA bouts lasting 1 min was 1.4 bouts per day
corresponding to a HR of 0.67 (95% C1 0.52, 0.86), and the median and
maximum VILPA frequency were associated witha HR 0f 0.51(0.35, 0.74)
and 0.35(0.15,0.81), respectively. The minimal CVD mortality daily dura-
tion dose for VILPA bouts lasting up to 1 min was 3.4 min per day corre-
spondingtoaHR of 0.73 (95% C10.58, 0.91). The median and maximum
VILPA daily duration values were associated withaHR of 0.66 (0.50, 0.88)
and 0.45(0.29,0.72), respectively. CVD mortality findings for bouts last-
ing up to 2 min were very similar in terms of the dose-response curves
(Fig.3b,d) and all other metrics (Supplementary Table 4B).

Associations of VILPA with cancer mortality
The findings of the cancer mortality multivariable-adjusted analyses
were very consistent with the equivalent all-cause mortality analyses

outlined above, interms of both the dose-response curves (Fig. 4a-d)
and the point estimates associated with the minimum dose and the
median and maximum VILPA frequency and daily duration values (Sup-
plementary Table 4C). For example, the minimum frequency dose for
length-standardized VILPA bouts lasting 1 min was 1.5 bouts per day
corresponding to a HR of 0.75 (95% C1 0.63, 0.88). The minimal can-
cer mortality daily duration dose for VILPA bouts lasting up to 1 min
was 3.4 min per day corresponding toaHR of 0.76 (95% C1 0.66, 0.87),
whereas the median and maximum VILPA daily duration values were
associated withaHR of 0.70 (0.59, 0.84) and 0.51(0.38, 0.69). Like the
other two mortality outcomes, cancer mortality findings for bouts
lasting up to 2 min were very similar to bouts lasting up to1 min across
all metrics (Fig. 4a-d and Supplementary Table 4C).

Sensitivity analyses

Excluding participants with poor health (n=1,223) and additionally
adjusting for body massindex (Extended Data Figs.1-3) did not appre-
ciably change the results.

E-valuesindicated that for our estimates to be null the association
of anunmeasured confounder with exposures and mortality should be
aHR (lower 95% CI) of 1.87 (1.54) to 3.26 (2.12) for all-cause mortality;
2.10 (1.44) to 5.16 (1.77) for CVD mortality; or 1.97 (1.56) to 3.50 (2.00)
for cancer mortality (Supplementary Table 5).

Categorical analyses of VILPA daily duration (Extended Data Fig.
4a,b) and frequency (Extended Data Fig. 4c,d) by VILPA tertile-based
groups produced results consistent with the main dose-response
analyses. Similarly, restricting analyses to those who reported no
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arrowhead represents the absence of an observed inflection point (for example,
larger risk reduction with higher amounts of VILPA). The histogram on the right
shows the sample distribution.

recreational walking and no leisure time exercise (n=10,230) pro-
duced results that were very consistent with the main results in the
core (n=25,241) VILPA sample (Supplementary Fig. 2).

Comparisons between nonexercisers (VILPA) and exercisers
(VPA)

Context-agnostic (that is, exercise or nonexercise) VPA in exercisers
exhibited an almost identical daily duration and frequency dose—
response to VILPA in nonexercisers for all-cause mortality (Extended
Data Figs. 5 and 6), with relatively modest differences in minimum
dose (4.8 versus 3.4 min per day). No material differences in the CVD
and cancer mortality dose-response curves were evident between the
two strataand the corresponding minimum doses (Extended Data Figs.
5B,Cand 6B,C).Similarly, no appreciable differences existed between
exercisers’ and nonexercisers’ VPA/VILPA frequency in terms of their
dose-response with the three mortality outcomes (Extended Data Fig.
6).Across allthe above analyses there was an almost complete overlap
ofthe 95% Cl of the dose-response curves of the two strata/exposures.
Withvery few exceptions, the point estimates associated with the mini-
mum dose and the median VPA frequency and daily duration values
(Supplementary Table 6) were also very similar to the equivalent VILPA
data (Supplementary Table 4).

Volume analyses based on VILPA (nonexercisers) or VPA (exer-
cisers) energy expenditure (k] per kg per day) produced evidence of
L-shaped associations with all three mortality outcomes, with steeper
risk reductions in the lower end of the VILPA/VPA continuum (Sup-
plementary Fig. 3). The only notable exception to this pattern was the
VILPA-CVD mortality curve among nonexercisers which indicated a

linear association (Supplementary Fig. 3B). Data sparsity and a low
number of events at higher levels of the VILPA energy expenditure
makes between-strata comparisons and interpretation of these data
challenging and less conclusive.

Discussion
Despite thelarge health potential of vigorous-intensity physical activity,
most adults aged 40 and over do not do vigorous exercise or sports®”".
Our study is the first investigation, to the best of our knowledge, into
the long-term health effects of nonexercise VPA embedded into daily
living. We found consistent evidence of beneficial associations of rela-
tively modest VILPA amounts with all-cause, CVD and cancer mortality.
VILPA in nonexercisers appeared to elicit beneficial dose-response
associations with mortality of similar magnitude to VPA in exercisers,
afinding that emphasizes the potential of promoting higher inten-
sity physical activity outside the leisure time exercise domain. Our
work has relevance for the development of public health and clinical
guidelinesbecause peoplereporting no structured exercise inleisure
time, yet recording VILPA bouts, may be unaware that they are taking
short bouts of health-enhancing physical activity of higher intensity.
Future guidelines could place emphasis on making people aware that
they could potentially experience important benefits from VILPA even
though they do not consider themselves to be formal ‘exercisers’.
Although steeper mortality risk reductions occurred at the lower
end of the VILPA distribution (up to roughly the median frequency
and daily duration values, that is around 3-4 length-standardized
bouts per day or 4-5 min per day), there were continuing mortal-
ity gains with more VILPA in a near-linear fashion across all three
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outcomes. Withlittle variation between boutslasting up tolor2 min
and across the three mortality outcomes, aminimum of 3.4-4.1 min
of VILPA per day on average was associated with a 22%-28% reduc-
tion in mortality risk (compared with not doing VILPA). In terms of
minimum daily frequency dose, fewer than two VILPA bouts (lasting
lor2 min)were associated with 24%-26% reductionin all-cause and
cancer, and a33%reductionin CVD mortality risk. The median VILPA
frequency of 3 length-standardized bouts per day was associated
with a 38%-40% reduction in all-cause and cancer mortality and a
48%-49% reduction in CVD mortality risk. The median daily VILPA
duration of 4.4 min per day was associated with a 26%-30% reduc-
tion in all-cause and cancer mortality and a 32%-34% reduction in
CVD mortality risk.

Theseresults are striking but plausible. Proof-of-concept trials*
have shown that very small doses of exercise-based intermittent VPA
can have rapid and measurable effects on cardiorespiratory fitness,
akey causal determinant of CVD". High-intensity interval training*°
and studies of intermittent stair climbing® have shown that VPA
bursts lasting 20 s to a few minutes, performed three to five times
a day, can result in substantial improvements in cardiorespiratory
fitness in previously inactive adults within a few weeks, providing
a plausible physiological basis™ for the associations we observed.
Our comparisons with exercisers suggest that vigorous exertion is
equally important and potentially beneficial for people who choose
tobeactive duringleisure time and those less able or willing to do so.
Maintained or improved cardiorespiratory fitness owing to vigorous
exertion (including VILPA) may partly explain the associations with

cancer mortality that we observed: previous observational studies
have estimated that aone metabolic equivalent unit higher cardiores-
piratory fitness (3.5 ml of oxygen uptake per kg per min) is associated
with a 7% reductionin total cancer mortality risk*'. VPA has also been
shown to specifically reduce risk of common cancer sites such as
breast”, endometrial'® and colon®.

The 32%-34% lower CVD mortality risk associated with the median
VILPA duration of 4.4 min per day (equivalent to just under 31 min of
vigorous-intensity physical activity per week) that we observed is
comparable with equivalent risk reduction for >75-150 min per week
of questionnaire-measured vigorous leisure time physical activity
reportedinarecent US cohort (36%-45% lower risk compared with no
leisure time vigorous activity done in bouts lasting at least 10 min)™.
This seemingly sizeable difference in VPA amounts associated with a
comparable effect size may be explained by the different measure-
ments and domains employed in each study, the select sample of non-
exercisers we employed in our study, and the strong possibility that
thereferent no vigorous leisure time physical activity group in this US
study” may do some VILPA. Questionnaires'®? can only capture con-
tinuous blocks of time containing a mixture of vigorous activity with
interruptions and rest, rather than actual time in vigorous intensity
that the wearable devices in our study could quantify. Only one or two
infive UK middle-aged adults engage in structured vigorous exercise
atleast once amonth®®”, suggesting numerous participation barriers.
Our findings highlight the potential value of short VPA bursts during
daily living to improve overall and cardiovascular health and reduce
risk of cancer.
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Thisis the first study of VILPA and prospective health outcomes,
using device-based measurement and machine learning-based meth-
ods. Although we cannot entirely rule out reverse causation bias,
our results were very robust to relevant sensitivity analyses. E-values
indicated that unmeasured confounding is unlikely to explain the
associations we observed. Although some VILPA activities (for exam-
ple, carrying heavy shopping bags) may not be perfectly captured
by wrist-worn accelerometers, such measurement error is likely ran-
dom leading to underestimation of the ‘true’ associations with mor-
tality, CVD and cancer. There was a median lag of 5.5 years between
the UK Biobank baseline when covariates measurements were
taken and the accelerometry study, although covariates were stable
over time, with the exception of medication'®. In addition, adults’
accelerometry-measured physical activity hasbeen shown tobe stable
over time (for example, >90% of classification accuracy within one
quartile over a period of 2-3 years)*’. The responses to the baseline
leisure time physical activity questions (including recreational walking)
that formed the basis of our sample selection are subject to measure-
menterror like any other self-reported measure and were also collected
5.5 years before the accelerometry study. However, the nonexerciser
status among the UK Biobank accelerometry substudy participants
with leisure time physical activity re-examination data was also stable
over time (for example, 82%-88% retained the nonexerciser status).
The UK Biobank had avery low response rate (5.5%) and itis not repre-
sentative of the target population*’. However, recent empirical work
hasshown that the poor representativeness of the UK Biobank sample
doesnot materially influence the associations between physical activity
and mortality outcomes**.

In conclusion, we found that as few as two or three short bouts
or approximately 3-4 min of VILPA per day were associated with sub-
stantially lower all-cause, CVD and cancer mortality risk. Although
steeper mortality risk reductions occurred at the lower end of the
VILPA distribution, there were continuing gains with larger amounts
in a near-linear fashion. Individuals who find structured exercise
unappealing or infeasible may consider exploring opportunities to
introduce brief but regular bouts of VPA into their daily routines.
VILPAin nonexercisers appears to elicit similarly beneficial associa-
tions with VPA in exercisers. Future guidelines could emphasize that
potentiallyimportant health benefits could be accrued through VPA
even among people who do not consider themselves to be formal
‘exercisers’. Future trials and device-based cohort studies should
further investigate the potential of VILPA (and any-domain VPA in
general) as a time-efficient and potentially effective intervention
for physically inactive and unfit adults. Our approach shows that
wearable devices combined with machine learning-based meth-
ods and self-reported information can reveal physical activity
“micro-patterns” as targets to prevent premature mortality, CVD
and cancer in populations not willing and/or not able to engage in
structured exercise during leisure time.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

Sample and design

Figure1describesthe derivation ofthe analytic sample. The UK Biobank
Study is a prospective cohort study of adults aged between 40 and
69 years whose baseline measurements took place between 2006 and
2010. Participants provided informed consent and ethical approval
was provided by the UK’s National Health Service, National Research
Ethics Service (Ethics Committee reference number: 11/NW/0382).

Between 2013 and 2015 (median 5.5 years after the baseline meas-
urements), 103,684 UK Biobank participants wore awrist-worn acceler-
ometer for 7 days***. We excluded participants with missing covariates
and insufficient valid wear days. Monitoring days were considered
valid if wear time was greater than 16 h. To be included in analysis,
participants wererequired to have at least three valid monitoring days,
with at least one of those days being a weekend day**®. We excluded
participants who reported that they cannot walk.

To enable examination of VILPA in our study (briefbouts of nonex-
ercise VPA occurring during daily living), weincluded only participants
who reported no leisure time exercise participation and no more than
one recreational walk per week. Participation in exercise and recrea-
tional walking was measured through a close-ended touch-screen ques-
tionnaire that asked participants to report if, how often, and for how
long they participateinsuchactivities (Supplementary Table 2). Among
theincluded 14,982 participants who were walking for recreation once
aweekorless, the average spacing of VILPA bouts was 165.7 (47.0) min
within days and 16.7 (5.5) h between days (last session of a day versus
first session the day after). The modal median length of the (at most)
one and only weekly walking session these participants reported was
30-60 min (32.5% of the 14,982 participants), effectively eliminating
the possibility that the device-recorded VILPA bouts occurred during
recreational walking.

To provide a comparison between effects of VILPA and
(context-agnostic) VPA we repeated the main analyses among ‘exercis-
ers’, defined as those UK Biobank accelerometry substudy participants
who did not meet the above criteria to be considered nonexercisers;
thatis, those whoreported any leisure time exercise or more than one
recreational walking session per week (Supplementary Table 1).

Definition of VILPA and choice of bout length
We based the choice of VILPA bout length entered in our analyses on
anongoing study of 58 adults (mean age 55.7 (s.d.10.1) years) aimed at
developing an empirical definition of VILPA (M.N.A.,N.Johnson, C.T.-N.,
M.J.G.andE.S., unpublished data). Participants completed five activi-
ties of daily living while wearing anindirect calorimetry unit (Cosmed
K5) and Polar heart-rate monitor. The activities included: (1) walking on
aflatsurface ataself-selected ‘very fast’ pace; (2) walking onaflat sur-
face while carrying shopping-like bags equivalent to 5% of body weight
ataself-defined ‘fast’ pace; (3) walking on a flat surface while carrying
shopping-like bags equivalent to 10% of body weight at a self-defined
‘fast’ pace; (4) walking at a2.5% gradient at a self-defined ‘very fast’ pace
(treadmill); and (5) walking at a7.0% gradient at a self-defined ‘very fast’
pace (treadmill). The sequence of activities was randomized for each
participantand counterbalanced across participants to prevent biases
due toresidual fatigue accumulating during the protocol.
Participants performed eachactivity until vigorous intensity was
reached for two of three criteria: (1) %VO,max (percentage of maximal
oxygen updake) (=64%); (2) %¥HRmax (percentage of maximal heart
rate) (=77%); and (3) rating of perceived exertion (Borg scale) >15. For
%VO,max and %HRmax, the threshold had to be met for at least 30
consecutive seconds to minimize the effects of noise. VO,max was
calculated using the Ebbeling treadmill test and HRmax was calcu-
lated using the Tanaka equation”. Between activities, participants had
5minof seated recovery, or until heartrate and breathing returned to
resting levels. Resting VO, and heart rate were measured at the begin-
ning of each session with the participant lying supine using 5 min of

steady-state (coefficient of variation <10%). The duration to reach
vigorous intensity across all five activities is shown in Supplemen-
tary Table 7. As the mean time required to reach vigorous intensity in
two of the above three physiological intensity indices was 73.5 s (s.d.
26.2 s) across all activities, we decided to test VILPA bouts lasting up
toland up to2 mininthe present analyses. As the length of raw bouts
within these two VILPA frequency exposures was highly variable, we
length-standardized analytic bouts to one minute (for raw bouts last-
ing up to 1 minute) or two minutes (for raw bouts lasting up to 2 min-
utes) using a rolling sum on the time-series data until 1 or 2 minutes,
respectively, wasreached or exceeded. For example, a participant with
five consecutive raw bouts lasting up to1 minute each (20, 30, 20, 40,
and 10 seconds long), would be assigned 1.83 analytic bouts: the first
three raw bouts would count asone and therolling sum would be reset;
then the last two raw counts would count as 0.83 length-standardised
bouts (50 seconds divided by 60). This bout handling has analyticand
interpretational advantages: a) it mitigates against the problem of
multicollinearity between raw VILPA frequency and daily VILPA dura-
tion, and b) permits amore concrete behavioural interpretation of the
VILPA frequency findings than raw bouts, as eachlength-standardised
bout can be specifically interpreted as lasting 1 minute or 2 minutes.

Wearable device-based physical activity classification

The methods we describe here were used to classify physical activity
intensity in both the nonexercisers (main analyses) and exercisers
(additional analyses) strata. Supplementary Fig. 4 summarizes how
activity intensity was classified using a previously validated random
forest (RF) activity classifier®. RF is an ensemble of multiple deci-
sion trees. Each treeis learned on abootstrap sample of training data
and each node in the tree is split using the best among a randomly
selected set of acceleration features. The decisions fromeach tree are
aggregated and a final model prediction is based on majority vote.
The RF model requires very little preprocessing of the data because
the features do not need to be normalized. In addition, the model is
resistant to over-fitting the training databecause each tree within the
forest is independently grown to maximum depth using a randomly
selected subset of features.

This two-stage classifier first categorized physical activity in10-s
windowsinto one of four activity classes: sedentary, standing utilitar-
ian movements (for example, ironing a shirt, washing dishes), walking
activities (for example, gardening, active commuting, moppingfloors),
running/high energeticactivities (for example, active playing with chil-
dren). These activity classes were then assigned to one of four activity
intensities: sedentary, light, moderate and vigorous. Walking activities
were classified as light (an acceleration value of <100 mg), moderate
(=100 mg) and vigorous (=400 mg) intensity*®. For example, for a
VILPA bout lasting up to2 min, 12 consecutive 10-s windows needed to
be classified as vigorous. When there were more than 12 consecutive
vigorous activity windows, these bouts counted as long VPA sessions
in the corresponding analyses (2.3% of all VPA bouts). Differentiation
between sleep®® and nonwear® was identified using the change in tilt
angle and acceleration standard deviation. Monitors were calibrated*
and corrected for orientation’® using previously published methods,
although residual signal and alignment uncertainties may persist.

Activities in an independent sample of 98 participants (age
56.4 +15.7 years ; 53.1% female) from the US* (University of California
Irvine Center for Machine Learning and Intelligent Systems Physical
Activity Monitoring for Aging People study (published data), accessible
athttps://archive.ics.uci.edu/ml/datasets) and Australia®® (University
of Queensland Where and When at Work study (published data) and
University of Sydney Intermittent Lifestyle Physical Activity Study
(unpublished data)) providing 103,607 activity samples from struc-
tured and free-living activities (17,267 min) were used to assess robust-
ness and generalizability of the classifier (Supplementary Tables 8 and
9). For free-living activities participant-worn or researcher-held Go-Pro
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video-recordings were used to attain ground-truth physical activity.
Video files wereimported into the Noldus Observer XT software v16.0
for continuous direct observation coding. A two-stage direct observa-
tion scheme was implemented in which the participant’s movement
behavior was coded for activity type and then activity intensity based
on the Compendium of Physical Activities®. The direct observation
system generated a vector of date-time stamps corresponding to the
start and finish of each movement event, which were used to assign
the activity codes to the corresponding time segments of the accel-
erometer data. Interobserver reliability was assessed by dual cod-
ing. The intraclass correlation coefficient for coding activities was
0.91(0.87-0.94).

Performance was further evaluated in a separate sample of
151 adults (age range 18-91 years, 65.6% female; Supplementary
Fig. 5) recruited from the UK** (University of Oxford Capture 24
study (published data), accessible at https://ora.ox.ac.uk/objects/
uuid:99d7¢092-d865-4a19-b096-cc16440cd001). Participants in this
dataset worebody camerasthat provided pictures every 20 sto anno-
tate ground-truth free-living activity labels. The picture-based activity
coding scheme has been previously described**. A total 0f 172,360
activity samples (28,727 min) were provided by participants.

Outcome ascertainment

Because of the nature of rolling updates for the data linkage, partic-
ipants were followed up to 31 October 2021, with deaths obtained
through linkage with the National Health Service (NHS) Digital of Eng-
land and Wales or the NHS Central Register and National Records of
Scotland. CVD mortality was defined as death attributed to diseases
ofthecirculatory system, excluding hypertension, diseases of arteries
andlymph (ICD-10 codes: 10, 111, 113, 120-151,160-169). Cancer mortality
was defined as death attributed to any cancer excluded in situ, benign,
uncertain, nonmelanoma skin cancer or non-well-defined cancers
(ICD-10 codes beginning ‘C0’, ‘C1’, ‘C2’,‘C3’, ‘C4’ (excluding C49.9), ‘C5’,
‘Cé,‘C70’,‘C71,C72','C73,‘C74,C75,‘C7A, ‘C8 or ‘C9’).

Statistical analyses

In our study, the range of VILPA values (and context-agnostic VPA
valuesin exercisers) was capped at the 97.5 percentile to minimize the
influence of sparse data. To reduce the possibility of reverse causation
through prodromal/undiagnosed disease, all analyses excluded those
with an event within the first 2 years of follow-up. We also excluded
those with prevalent CVD and prevalent cancer at baseline (CVD and
cancer mortality analyses, respectively).

We examined the dose-response of average daily duration and
frequency of VILPA bouts lasting up to 1 min and up to 2 min using
Cox proportional hazards (all-cause mortality) and Fine-Gray sub-
distribution hazards to account for competing mortality risks (CVD
and cancer mortality)**. In all analyses, we set knots at the 10th, 50th
and 90th percentiles. Departure from linearity was assessed by aWald
test. Proportional hazards assumptions were tested using Schoen-
feld residualsin the models with all three outcomes and no violations
were observed (all P> 0.05). Analyses were adjusted for age, sex, daily
duration of light- and of moderate-intensity physical activity, mutual
adjustment for daily duration and frequency of vigorous-intensity
physical activity bouts lasting more than 1to 2 min as appropriate,
smoking, alcohol, accelerometry-estimated sleep duration®~¢, fruit
and vegetable consumption, education, parental history of CVD and
cancer, medication use (insulin, blood pressure, cholesterol). All-cause
mortality analyses were also adjusted for prevalent CVD and cancer,
CVD analyses were adjusted for prevalent cancer, and cancer analyses
were adjusted for prevalent CVD (Supplementary Table 3 provides full
covariate definitions).

Inthe exercisers stratum of the UK Biobank accelerometry sample,
werepeated the above multivariable-adjusted analyses for daily dura-
tion and frequency of (context-agnostic) VPA for bouts lasting up to

2 min, and we compared findings with the equivalent VILPA findings
using overlay dose-response plots.

To assert the degree to which VILPA and VPA may contribute to
mortality beyond the associations of overall movement volume, we
also carried out a volume analysis based on energy expenditure using
methods analogous to the study by Strain et al."® We calculated physi-
cal activity energy expenditure for all VILPA and VPA bouts lasting
upto2min.

To provide conservative point estimates we calculated the ‘mini-
mal dose’, defined as VILPA volume/frequency associated with 50% of
the optimal risk reduction®*®, We also present point estimates (HRs and
95% CI) associated with the median and maximum volume/frequency
VILPA values. We calculated E-values to estimate the plausibility of bias
from unmeasured confounding®®*,

We conducted sensitivity analyses of VILPA with additional adjust-
ment for body mass index. To investigate potential reverse causation
bias we also excluded participants who had poor self-rated health.
In another sensitivity analysis, we tested the influence of applying a
conservative definition of ‘nonexercisers’ by restricting analyses to
the 10,230 participants who reported no recreational walking and no
leisure time exercise.

We performed all analysis using R statistical software v.4.2.1 with
RMSv.6.3.0 and survival package v.3.3.1.

Wereported this study as per the Strengthening the Reporting of
Observational Studies in Epidemiology guidelines (Supplementary
Table10).

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The UK Biobank data that support the findings of this study can be
accessed by researchers on application (https://www.ukbiobank.
ac.uk/register-apply/). Variables derived specifically for this study
will be returned along with the code to the UK Biobank for future
applicants to request.

Availability of other datasets related to the study: University of Cali-
fornia Irvine Center for Machine Learning and Intelligent Systems
Physical Activity Monitoring for Aging People: https://archive.ics.
uci.edu/ml/datasets; University of Queensland Where and When
at Work study: available upon reasonable request to the study’s
PI"; University of Sydney Intermittent Lifestyle Physical Activ-
ity Study: available upon reasonable request to the authors; Uni-
versity of Oxford Capture 24 study: https://ora.ox.ac.uk/objects/
uuid:99d7¢092-d865-4a19-b096-cc16440cd001

Code availability
The statistical code used in the analyses of this manuscript can be
downloaded from https://zenodo.org/record/7187927#.Y0ZfoHZBy3A
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Extended Data Fig. 1| All-cause mortality dose-response of VILPA frequency
and duration with adjustment for body mass index and exclusion of poor
health. Frequency of length-standardized VILPA bouts up to 2 minutes (A) and
Duration of VILPA from bouts up to 2 minutes (B). Diamond: the minimal dose,
asindicated by the ED50 statistic which estimates the daily duration/frequency
of VILPA associated with 50% of optimal risk reduction. Circle: the hazard ratio
associated with the median VILPA value. Analyses adjusted for age, sex, duration
of light intensity physical activity, duration of moderate intensity physical
activity, smoking history, alcohol consumption, accelerometer estimated sleep
duration, fruit and vegetable consumption, education, self-reported parental
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history of cardiovascular disease and cancer, and self-reported medication
use (cholesterol, blood pressure, and diabetes), and prevalent cancer and
CVD. All analyses were additionally adjusted for vigorous physical activity
bouts (VILPA frequency analyses) or vigorous physical activity duration (VILPA
duration analyses) coming from bouts lasting more than two minutes. Models
are sequentially adjusted for: (1) body mass index; (2) exclusion of participants
who were underweight (<18.5 kg/m? or self-reported poor health). See Online
Methods for further details on the statistical methodology. Shaded region with
dashed lines represents 95%Cl. Solid line represents point estimate.
Arrow represents no inflection point.
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Extended Data Fig. 2| Cardiovascular disease mortality dose-response of
VILPA frequency and duration with adjustment for body massindex and
exclusion of poor health. Frequency of length-standardized VILPA bouts up to
2 minutes (A) and Duration of VILPA from bouts up to 2 minutes (B). Diamond:
the minimal dose, asindicated by the ED50 statistic which estimates the daily
duration/frequency of VILPA associated with 50% of optimal risk reduction.
Circle: the hazard ratio associated with the median VILPA value. Analyses
adjusted for age, sex, duration of light intensity physical activity, duration of
moderate intensity physical activity, smoking history, alcohol consumption,
accelerometer estimated sleep duration, fruit and vegetable consumption,
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education, self-reported parental history of cardiovascular disease and cancer,
and self-reported medication use (cholesterol, blood pressure, and diabetes).
Allanalyses were additionally adjusted for vigorous physical activity bouts
(VILPA frequency analyses) or vigorous physical activity duration (VILPA
duration analyses) coming from bouts lasting more than two minutes. Models
are sequentially adjusted for: (1) body mass index; (2) exclusion of participants
who were underweight (<18.5 kg/m? or self-reported poor health). See Online
Methods for further details on the statistical methodology. Shaded region
with dashed lines represents 95%Cl. Solid line represents point estimate. Arrow
represents no inflection point.
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Extended Data Fig. 3| Cancer mortality dose-response of VILPA duration
and frequency with adjustment for body mass index and exclusion of poor
health. Frequency of length-standardized VILPA bouts up to 2 minutes (A) and
Duration of VILPA from bouts up to 2 minutes (B). Diamond: the minimal dose,
asindicated by the ED50 statistic which estimates the daily duration/frequency
of VILPA associated with 50% of optimal risk reduction. Circle: the hazard ratio
associated with the median VILPA value. Analyses adjusted for age, sex, duration
of light intensity physical activity, duration of moderate intensity physical
activity, smoking history, alcohol consumption, accelerometer estimated sleep
duration, fruit and vegetable consumption, education, self-reported parental

B)
v
o °
w©
o
B
8
©
T
N
o
= main analysis
main analysis + BMI adjustment
— main analsis + BMI adjustment + exclusion of poor health
o 1]

12 13 14 15

T T T T T T T T T T T

0 1 2 3 4 5 6 7 8 9 10 11
Duration (minutes/day)

history of cardiovascular disease and cancer, and self-reported medication
use (cholesterol, blood pressure, and diabetes). All analyses were additionally
adjusted for vigorous physical activity bouts (VILPA frequency analyses) or
vigorous physical activity duration (VILPA duration analyses) coming from
bouts lasting more than two minutes. Models were sequentially adjusted for: (1)
body mass index; (2) exclusion of participants who were underweight (<18.5 kg/
m?or self-reported poor health). See Online Methods for further details on the
statistical methodology. Shaded region with dashed lines represents 95%Cl. Solid
line represents point estimate. Arrow represents no inflection point.
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Extended Data Fig. 4 | Dose-response association of categorised Vigorous
Intermittent Lifestyle Physical Activity (VILPA) duration quarters with
all-cause mortality (n = 25,241). Duration of VILPA bout up to1 minute (A);

Duration of VILPA bouts up to 2 minutes (B); Frequency of length-standardized

VILPA bouts up to 1 minute (C); and Frequency of length-standardized VILPA
bouts up to 2 minutes (D). Participants with no VILPA were the reference

category. The remaining categories are based on VILPA tertiles. Analyses adjusted

for age, sex, duration of light intensity physical activity, duration of moderate

intensity physical activity, smoking history, alcohol consumption, accelerometer
estimated sleep duration, fruit and vegetable consumption, education, self-
reported parental history of cardiovascular disease and cancer, and self-reported
medication use (cholesterol, blood pressure, and diabetes), and prevalent cancer
and CVD. All analyses were additionally adjusted for vigorous physical activity
duration/bouts lasting more than one/two minutes, as appropriate. See Online
Methods for further details on the statistical methodology. Sample size = 25,241;
events=868. Error bars represent 95% CI.
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Extended Data Fig. 5| Comparison of the dose-response associations of
daily duration of vigorous intermittent lifestyle physical activity (non-
exercisers) and context-agnostic (that is exercise or non-exercise) vigorous
physical activity (exercisers) with mortality (bouts up to2 minutes).
All-cause mortality (A); cardiovascular disease mortality (B); and cancer
mortality (C). Exercisers, n = 62,344 were included in the all-cause mortality
(1,552 events), n = 56,810 in the CVD mortality (303 events) and n = 56,397 in the
cancer mortality analyses (736 events). Non-exercisers n = 25,241 were included
intheall-cause mortality analyses (852 events), were included in the all-cause
mortality, n=23,903 in the CVD mortality analyses (266 events), n = 22,966 in the
cancer mortality analyses (511 events). Diamond: the minimal dose, asindicated
by the ED50 statistic which estimates the daily duration/frequency of VILPA
associated with 50% of optimal risk reduction. Circle: the hazard ratio associated
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with the median VILPA value. See Supplementary Tables 4 (nonexercisers) and

6 (exercisers) for the list of values. Analyses adjusted for age, sex, duration

of lightintensity physical activity, duration of moderate intensity physical
activity, smoking history, alcohol consumption, accelerometer estimated sleep
duration, fruit and vegetable consumption, education, self-reported parental
history of cardiovascular disease and cancer, and self-reported medication use
(cholesterol, blood pressure, and diabetes), and prevalent cancer and CVD (for
all-cause mortality). All analyses were additionally adjusted for vigorous physical
activity frequency of bouts lasting more than two minutes. See Online Methods
for further details on the statistical methodology. Shaded region with dashed
lines represents 95%Cl. Solid line represents point estimate. Arrow represents no
inflection point.
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Extended Data Fig. 6 | Comparison of the dose-response associations of
daily frequency of vigorous intermittent lifestyle physical activity (non-
exercisers) and context-agnostic (that is exercise or non-exercise) vigorous
physical activity (exercisers) with mortality (length-standardized bouts up
to2 minutes). All-cause mortality (A); cardiovascular disease mortality (B);
and cancer mortality (C). Exercisers, n = 62,344 were included in the all-cause
mortality (1,552 events), n = 56,810 in the CVD mortality (303 events) and
n=>56,397 in the cancer mortality analyses (736 events). Non-exercisers n = 25,241
were included in the all-cause mortality analyses (852 events), were included in
the all-cause mortality, n =23,903 in the CVD mortality analyses (266 events),
n=22,966inthe cancer mortality analyses (511 events). Diamond: the minimal
dose, asindicated by the ED50 statistic which estimates the daily duration/
frequency of VILPA associated with 50% of optimal risk reduction. Circle: the
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hazard ratio associated with the median VILPA value. See Supplementary Tables
4 (nonexercisers) and 6 (exercisers) for the list of values. Triangle: optimal dose
value defined as the nadir of the curve. Analyses adjusted for age, sex, duration
of lightintensity physical activity, duration of moderate intensity physical
activity, smoking history, alcohol consumption, accelerometer estimated sleep
duration, fruit and vegetable consumption, education, self-reported parental
history of cardiovascular disease and cancer, and self-reported medication

use (cholesterol, blood pressure, and diabetes), and prevalent cancer and CVD
(for all-cause mortality). All analyses were additionally adjusted for vigorous
physical activity bouts lasting more than two minutes. See Online Methods for
further details on the statistical methodology. Shaded region with dashed lines
represents 95%CI. Solid line represents point estimate. Arrow represents no
inflection point.
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For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Provide your data availability statement here.
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Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Sex was included as a covariate in the analyses. We were not able to provide sex-specific results due to low event numbers

Population characteristics

Recruitment

Ethics oversight

and dilution of statistical power. The UK Biobank collects information on the biological sex of participants and was self-
reported.

This study included a sample of 25,241 UK Biobank participants drawn from the general population with accelerometery data
who reported no exercise in leisure time (mean age 62 years, 56% female, see Table 1). Over a mean follow-up of 6.9 (0.8)
years 852 deaths deaths were recorded. Out of all VILPA bouts, 98% of them comprised bouts lasting up to two minutes.
Sex was included as a covariate in the analyses.

A stratified approach was taken to the initial invites for the main UK Biobank Study with over-sampling of some age, gender
and deprivation sub-groups. Participation was voluntary and the response rate was 5.5%. Invites to the accelerometry sub-
study were sent randomly, although this was within the subset of participants that provided a valid email address. The
response rate to the accelerometry sub-study was 44.8%. In the core analyses of the paper we used only non-exercisers:
normally, wearable trackers cannot tell us whether an activity of a given intensity is done for exercise during leisure time or
during daily living, making it practically impossible to examine domain-specific aspects of physical activity like VILPA. We
used questionnaire-based leisure-time physical activity information in the UK Biobank to screen out exercisers, enabling us
to determine VILPA participation. The resulting sample is not representative of the target population. The voluntary nature of
participation, the low response rate, and the further selection pressure from the requirement to provide a valid email
address means that this sample is not representative of the UK population. However, our group has produced empirical
evidence showing that the low response rates and poor representativeness of the UK Biobank sample does not materially
influence the associations between physical activity and mortality outcomes, see Stamatakis E et al. Epidemiology 2021 doi:
10.1097/EDE.0000000000001316

Ethical approval was covered under NHS National Research Ethics Service (Ref 11/NW/0382).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below
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For a reference copy of the docume
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|Z Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

nt with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Behavioural & social sciences study design

All studies must disclose on

Study description

Research sample

Sampling strategy

Data collection

these points even when the disclosure is negative.
A prospective observational population-based study of quantitative UK Biobank data.

UK Biobank Participants were drawn from the general population. This study included a sample of 25,423 UK Biobank participants
with accelerometery data who reported no exercise in leisure time (mean age 62 years, 56% female, see Table 1). Over a mean
follow-up of 6.9 (0.8) years 852 deaths deaths were recorded. Out of all VILPA bouts, 98% of them comprised bouts lasting up to
two minutes.

A stratified approach was taken to the initial invites for the main UK Biobank Study with over-sampling of some age, gender and
deprivation sub-groups. Participation was voluntary and the response rate was 5.5%. Invites to the accelerometry sub-study were
sent randomly, although this was within the subset of participants that provided a valid email address. The response rate to the
accelerometry sub-study was 44.8%. In the core analyses of the paper we used only non-exercisers: normally, wearable trackers
cannot tell us whether an activity of a given intensity is done for exercise during leisure time or during daily living, making it
practically impossible to examine domain-specific aspects of physical activity like VILPA. We used questionnaire-based leisure-time
physical activity information in the UK Biobank to screen out exercisers, enabling us to determine VILPA participation. The resulting
sample is not representative of the target population.

The main exposure measure of wearable device measured physical activity was collected using a wrist-worn triaxial accelerometer.
This was sent to the participant with instructions about how to wear it for seven days, before returning the monitor. The majority of
the covariate data including demographic, other lifestyle, and health status were collected via a touchscreen self-administered
guestionnaire completed at assessment centres. Anthropometric measures were also obtained at these visits. Health status data
were supplemented using linked hospital episode statistics. Sample size calculations are not appropriate for this kind of research and
were not performed, we used maximum sample available meeting the key eligibility criteria of being a non-exerciser and having
valid data across all variables used in these analyses. The resultant sample size of n=25,241 is sufficient for this kind of analyses, as
indicated by analogous recent manuscripts in Nature Medicine, eg. n=6,042 in Master, H., Annis, J., Huang, S. et al. Association of
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step counts over time with the risk of chronic disease in the All of Us Research Program. Nat Med (2022). https://doi.org/10.1038/
s41591-022-02012-w

Timing The physical activity accelerometry measurement occurred between 2013 and 2016. This was a median of 6.9 years after the
baseline recruitment assessment centre visits that occurred between 2006 and 2010. A minority of participants undertook follow-up
assessment centre visits in the period 2008 to 2018. Covariate data from the visit closest to the physical activity measurement were
used.

Data exclusions Out of the 103,695 with accelerometry data, 7000 were excluded as they did not pass the quality control procedures. We also
excluded from the core analyses those who died within the first 2 years of follow up, and those who reported participation in any
leisure time exercise or recreational walking more than once a week. In a additional analysis we analysed the 62,344 UK Biobank
exercisers (1,552 deaths).

Non-participation The response rates for the main UK Biobank Study and accelerometer sub-study were 5.5% and 44.8% respectively, as described in
the sampling strategy. Follow-up was based on mortality records and hospital admissions so there was no loss to follow up that we
were aware of.

Randomization This was an observational study and so there was no randomisation. Covariate selection was made a priori, based on previous
literature with the aim of causally inferring the relationship between physical activity and mortality. Based on our assumptions of
how the covariates influence the relationship under study, we grouped them into those potentially on the causal pathway, and those
not on the causal pathway. We performed statistical models that progressively adjusted for these two groups of covariates.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Clinical data

X

Dual use research of concern

Materials & experimental systems Methods
n/a | Involved in the study n/a | Involved in the study
X|[] Antibodies [] chip-seq
|Z |:| Eukaryotic cell lines |Z |:| Flow cytometry
|Z |:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging
|:| |Z Animals and other organisms
X|[]
0

X

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals N/A
Wild animals N/A
Reporting on sex N/A

Field-collected samples  N/A

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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