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Abstract

Background and aims Understanding the amounts of intensity-specific movement needed to attenuate the
association between sedentary time and mortality may help to inform personalized prescription and behavioral
counselling. Herein, we examined the joint associations of sedentary time and intensity-specific physical activity with
all-cause and cardiovascular disease (CVD) mortality.

Methods Prospective cohort study including 73,729 adults from the UK Biobank who wore an Axivity AX3
accelerometer on their dominant wrist for at least 3 days, being one a weekend day, between June 2013 and
December 2015. We considered the median tertile values of sedentary time and physical activity in each intensity
band to determine the amount of physical activity needed to attenuate the association between sedentary time and
mortality.

Results During a median of 6.9 years of follow-up (628,807 person-years), we documented 1521 deaths, including
388 from CVD. Physical activity of any intensity attenuated the detrimental association of sedentary time with
mortality. Overall, at least a median of 6 min/day of vigorous physical activity, 30 min/day of MVPA, 64 min/day

of moderate physical activity, or 163 min/day of light physical activity (mutually-adjusted for other intensities)
attenuated the association between sedentary time and mortality. High sedentary time was associated with higher
risk of CVD mortality only among participants with low MVPA (HR 1.96; 95% CI 1.23 to 3.14).

Conclusions Different amounts of each physical activity intensity may attenuate the association between high
sedentary time and mortality.
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Introduction

The World Health Organization (WHO) recognizes
that high amounts of sedentary behavior are associated
with all-cause, cardiovascular disease (CVD), and can-
cer mortality and incidence of CVD, cancer and type 2
diabetes. Moderate certainty of evidence suggests that
adults should limit the amount of time spent in seden-
tary activities; and that replacing sedentary time with
physical activity of any intensity provides health benefits
[1]. In fact, epidemiological studies suggest that moder-
ate to vigorous physical activity (MVPA) attenuates the
association between high sedentary behavior/time and
increased risk of mortality [2—4]. However, these findings
were mostly based on self-reported data, which reflect
behavior and incorporate measurement error of actual
movement performed. In addition, previous self-report
studies did not cover the amount of intensity-specific
movement, which may be useful to inform personalized
prescription and behavioral counselling. Of note, VPA
generally shows a greater magnitude of association with
lower risk of mortality compared to MPA [5-7].

Enabled by advances in research-grade technology,
recent studies of wearable movement sensors (acceler-
ometers) have highlighted the health relevance of physi-
cal activity intensity bands, including light (LPA) [8] and
VPA. [5, 6] Large pooled harmonized meta-analyses of
waking times accelerometry and cohort studies of self-
reported data [2—4] have shown that the associations of
sedentary time and risk of all-cause [9-15] and cardio-
vascular disease (CVD) [9, 16, 17] mortality are depen-
dent on a MVPA level [2-4]. To our knowledge, no
device-based study has examined the joint association
of sedentary time and different physical activity intensi-
ties with mortality risk in general adult population [18].
The joint association approach allows to create a classi-
fication that comprised mutually exclusive combinations
of sedentary time and each intensity-specific physical
activity exposure, mutually accounting for other physical
activity intensities and device-estimated sleep duration.
Joint analyses, although distinctively different from com-
positional data analysis (CODA), [19, 20] also take into
account most components of 24-hour physical behaviour.

Capitalizing on the largest 24-h accelerometry data
resource available and a validated machine learning gen-
erated movement classifier, [5, 6, 21] we examined the
joint associations of sedentary time and intensity-specific
physical activity with all-cause and CVD mortality in UK
adults. We also aimed to determine the daily amount of
movement performed at MVPA, MPA, VPA and LPA
intensities needed to attenuate the association between
sedentary time and mortality.
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Methods

Study design and sample

The UK Biobank enrolled over 500,000 UK adults from
22 centres across the United Kingdom between 2006
and 2010. The study protocol was approved by the insti-
tutional review boards of the National Health Service
and the National Research Ethics Service (reference 11/
NW/0382), and all participants provided consent for
access to their national health records. In this study, we
included participants with at least 3 days (with at least
one of the days being a weekend day) of valid acceler-
ometer data between June 2013 and December 2015.
Using self-report, hospital admission, and cancer registry
records, we excluded participants diagnosed with CVD,
cancer or respiratory diseases (n=17,242) prior to the
accelerometry baseline. Lastly, we excluded deaths within
the first two years of follow-up (#=488) to reduce the
possibility of reverse causation bias, [22—24] producing a
final analytical sample of 73,729 participants.

Assessment of sedentary time and physical activity
intensity

A total of 103,684 participants were mailed and wore an
Axivity AX3 accelerometer (Newcastle upon Tyne, UK)
on their dominant wrist for 24-hours/day for 7 days to
measure movement performed at different intensities.
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 stan-
dard procedures. [25, 26] Monitoring days were consid-
ered valid if wear time was greater than 16 h. Movement
intensity was classified with a validated accelerometer-
based activity machine learning scheme [27] covering
sedentary time, standing utilitarian movements, LPA,
MPA, and VPA that has been used in prior cohort stud-
ies. [5, 6, 28, 29] The classifier categorized movement in
10 s windows into 1 of 4 movement classes: sedentary,
standing utilitarian movements (e.g., ironing a shirt,
washing dishes), walking activities (e.g. gardening, active
commuting, mopping floors), running/high energetic
activities (e.g. active playing with children). These classes
were then assigned to 1 of 4 physical activity intensi-
ties: sedentary, light, moderate, and vigorous. Walking
activities were classified as light (<100 mg), moderate
(=100 mg) and vigorous (=400 mg) intensity. A complete
description of the physical activity and sedentary time
classifier performance statistics is provided in Supple-
mental Text 1.
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All-cause and cardiovascular disease mortality
ascertainment

Deaths were ascertained through linkage with the
National Health Service Digital of England and Wales
or the National Health Service Central Register and
National Records of Scotland. The International Classifi-
cation of Diseases 10th version (ICD-10) codes were used
to classify the underlying causes of death. All-cause and
CVD (I0, I11, 113, 120-151, 160-169) mortality were the
main outcomes.

Covariates

Sleep duration (hours/day) was assessed by Axivity AX3
accelerometer. As in previously published analyses, [5, 6,
8, 21] other covariates (listed below) were self-reported
at a median of 5.5 years before the accelerometer mea-
sures. Information on age, sex, and race and ethnicity
(Asian; Black; Mixed; White and Other) were assessed.
Participants also reported their highest qualification
achieved/educational attainment(National Vocational
Qualification (NVQ) or Higher National Diploma (HND)
or Higher National Certificate (HNC) or equivalent=19
years of education; Certificate of Secondary education
(CSE) or equivalent=10 years of education; O levels/
General Certificate of Secondary Education (GCSE) or
equivalent=10 years of education; A levels/AS levels or
equivalent=13 years of education; and College or Uni-
versity degree=20 years of education). Body mass index
was calculated by weight in kilogram divided by height
in meter squared. Lifestyle risk factors included smok-
ing status (never; former; current smokers), alcohol
consumption (never; former; current, below guidelines;
current, above guideline; where guideline=<14 units of
alcohol per week and 1 unit=8 g of pure ethanol)); and
fruits and vegetables (servings per day). Health status,
family history of CVD and cancer, and current use of dia-
betic and blood pressure medication were also assessed.

Statistical analysis

Person-time was calculated from assessment of acceler-
ometer data (June 2013 and December 2015) until the
time of death, or the end of the follow up period (Sep-
tember 30, 2021 for England and Wales and October 31,
2021 for Scotland), whichever occurred first. Multivari-
able Cox proportional hazard regression models were
performed to estimate the hazard ratio (HR) and 95%
confidence interval (95% CI) for the joint association
of sedentary time and physical activity intensities with
all-cause and CVD mortality. Tertiles were used to cat-
egorize low (3.1 to 10.1 h/day), medium (10.2 to 11.3 h/
day) and high (=11.3 h/day) sedentary time. We also used
tertiles to categorize MVPA (0 to 21.2 min/day; 21.3 to
40.9 min/day; 241 min/day), LPA (0 to 70.2 min/day; 70.3
to 119.2 min/day; 2119.3 min/day), MPA (0 to 19.1 min/
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day; 19.2 to 36.8 min/day; 236.9 min/day), and VPA (0 to
0.97 min/day; 0.98 to 2.9 min/day; 23 min/day).

We determined the amount of physical activity needed
to attenuate the association between sedentary time and
mortality by using median tertile values of physical activ-
ity in each intensity band: MVPA (low: 13.5 min/day;
medium: 30.0 min/day; high: 59.3 min/day), LPA (low:
54.1 min/day; medium: 90.4 min/day; high: 162.7 min/
day), MPA (low: 12.1 min/day; medium: 26.9 min/day;
high: 63.6 min/day), and VPA (low: 0.5 min/day; medium:
1.7 min/day; high: 5.5 min/day).

Reference groups in the joint associations were defined
as participants with high sedentary time (top tertile)
and low physical activity (bottom tertile). Multivariable
models were adjusted for age, sex, education, race and
ethnicity, smoking status, alcohol consumption, fruits
and vegetables, sleep duration (device-measured), fam-
ily history of CVD and cancer and mutually-adjusted
for intensities of physical activity (e.g., joint associations
of sedentary time and VPA were adjusted for LPA and
MPA) based on a priori defined directed acyclic graph
of previous studies from our group [28]. Of note, we
detected no evidence for multicollinearity using VIF tests
and the correlation between physical activity intensities
were low (LPA vs. MPA: r=0.29; LPA vs. VPA: r=0.06;
and MPA vs. VPA: r=0.27).

We performed sensitivity analyses by:

Adding BMI, hypertension, diabetes, and self-rated
health status (i.e., collected prior to the accelerometer
data) into the main model.

Replacing fruits and vegetables by dietary pattern score
[30, 31] into the main model.

Using traditional acceleration magnitude cut-offs of
device-measured physical activity [32].

Using Fine and Grey models to account for competing
risks for CVD vs. cancer mortality.

All statistical analysis were performed in the Stata ver-
sion 17.0.

Results

During a median of 6.9 years of follow-up (628,807 per-
son-years), we documented 1521 deaths, including 388
from CVD. Baseline characteristics of the 73,729 partici-
pants by joint sedentary time and MVPA groups are dis-
played in the Table 1. Compared to participants with high
MVPA and low sedentary time, those with low MVPA
and high sedentary time were older and more likely men,
current smokers, never drinkers, had lower consumption
of fruits and vegetables; higher educational attainment,
BMI, hypertension and diabetes and family history of
CVD and cancer (Table 1). Participants characteristics by
LPA, MPA and VPA are displayed in the Supplementary
Table S1.



Rezende et al. International Journal of Behavioral Nutrition and Physical Activity (2024) 21:68 Page 4 of 10

Table 1 Baseline characteristics of participants by device-measured sedentary time and moderate to vigorous physical activity, UK

Biobank
High High High Medium  Medium  Medium Low Low Low MVPA/
MVPA/Low MVPA/ MVPA/ MVPA/ MVPA/ MVPA/ MVPA/ MVPA/ High ST
ST Medium  High ST Low ST Medium  High ST Low ST Medium
ST ST ST
(n=14,546) (n=7,495) (n=3,823) (n=7,656) (n=9,563) (n=7,729) (n=3,457) (n=7,678) (n=11,782)
Sedentary time, median 96 10.6 116 9.5 10.7 120 9.6 10.8 12.2
hours/day
LPA, median min/day 1404 90.8 75.8 123.8 947 749 94.2 81.9 66.2
MPA, median min/day 58.5 49.9 477 284 26.8 26.1 139 129 1.1
VPA, median min/day 4.2 38 32 2.0 20 1.8 0.9 0.8 0.6
Sleep duration, median 7.5 7.1 6.7 77 74 6.9 79 76 7.0
hours/day
Age, years 596 604 61.2 60.7 61.7 63.0 61.2 63.7 65.2
Men, % 389 49.2 56.0 376 435 496 335 37.1 44.6
Race and ethnicity, %

Asian 1.0 1.2 15 1.2 1.0 13 1.1 1.1 14

Black 0.8 1.0 13 0.6 0.8 13 0.7 0.7 1.0

Mixed 0.6 0.5 09 0.5 0.6 0.8 04 0.5 0.6

Other 0.8 0.7 1.1 0.6 0.8 0.1 1.0 0.7 1.1

White 96.8 96.7 953 97.0 96.7 954 96.7 97.0 959
Educational attainment
(years of study), %

College or University 426 482 504 435 45.1 46.1 388 435 43.5

degree (20)

A levels/AS levels or 13.8 129 13.6 138 13.0 135 12.7 14.0 13.1

equivalent (13)

O levels/GSCEs or 209 19.1 17.1 21.1 21.0 19.6 232 19.9 20.0

equivalent (10)

CSEs or equivalent (10) 54 4.1 35 4.7 40 32 53 39 3.0

NVQ or HND or HNC or 52 49 49 5.1 52 50 58 4.8 5.5

equivalent (19)

Other 12.1 10.8 104 11.9 115 126 138 139 15.0
BMI, kg/mz, mean (sd) 247 255 26.2 252 258 26.5 263 264 27.5
Smoking status, %

Current cigarette 57 6.0 6.2 6.4 6.2 6.8 7.8 7.3 84

Former cigarette 335 34.2 34.8 338 34.7 34.5 343 34.8 357

Never cigarette 60.8 599 59.1 59.8 59.1 588 580 579 559
Alcohol intake

Never 2.7 24 3.1 24 2.5 25 34 3.0 3.8

Former 24 23 33 22 22 2.7 26 26 32

Current, below guideline  56.6 556 542 575 579 57.8 578 59.2 586
Current, above guideline 383 39.7 394 379 374 37.1 36.2 35.2 344
Fruits and Vegetables, 84 8.2 8.2 8.2 80 79 8.1 79 7.8
serving/day
Family history of CVD 514 52.1 532 537 532 538 532 552 56.7
Family history of cancer 241 236 250 249 25.1 25.1 239 26.1 254
Diabetes, % 04 02 0.6 0.5 0.6 0.6 0.5 0.7 1.0
Hypertension, % 85 10.7 12.5 1.3 12.6 159 146 15.5 220

Abbreviation: MVPA: Moderate to vigorous physical activity; MPA: moderate physical activity; VPA: vigorous physical activity; LIPA: light physical activity; BMI: body
mass index; CVD: cardiovascular disease. NVQ National Vocational Qualification (NVQ) or HND Higher National Diploma (HND) or HNC Higher National Certificate
(HNC) or equivalent=19 years of education; CSEs Certificate of Secondary education (CSE) or equivalent=10 years of education; O levels/GSCEs General Certificate
of Secondary Education (GCSE) or equivalent=10 years of education; A levels/AS levels or equivalent=13 years of education; and College or University degree=20
years of education. Tertiles were used to categorize low (3.1 to 10.1 h/day), medium (10.2 to 11.3 h/day) and high (=11 h/day) sedentary time. We also used tertiles to
categorize MVPA (0 to 21.2 min/day; 21.3 to 40.9 min/day; 241 min/day), LPA (0 to 70.2 min/day; 70.3 to 119.2 min/day; 2119.3 min/day), MPA (0 to 19.1 min/day; 19.2 to
36.8 min/day; 236.9 min/day), and VPA (0 to 0.97 min/day; 0.98 to 2.9 min/day; >3 min/day)
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Association of sedentary time with all-cause and CVD
mortality

Sedentary time was associated with higher risk of all-
cause mortality, but not CVD mortality. Compared to
low sedentary time (<10.1 h/day), multivariable-adjusted
HR for all-cause mortality were 1.06 (95% CI 0.91 to 1.23)
for medium (10.2 to 11.3 h/day) and 1.28 (95% CI 1.08
to 1.51) for high (=11.4 h/day) sedentary time. Multivari-
able-adjusted HR for CVD mortality were 1.16 (95% CI
0.85 to 1.58) for medium sedentary time and 1.10 (95%
CI0.78 to 1.56) for high sedentary time.

Joint association of sedentary time and intensity-specific
physical activity with all-cause mortality

In joint association analyses, sedentary time was associ-
ated with higher risk of all-cause mortality among par-
ticipants with low and medium MVPA, but less so among
those with high MVPA (Fig. 1). Among participants
with high MVPA (a median of 60 min/day) the associa-
tion between sedentary time and all-cause mortality was
attenuated (Fig. 1). Compared to participants with low
sedentary time and high MVPA, multivariable-adjusted
HR for all-cause mortality were 1.16 (95% CI 0.91 to 1.49)
for medium sedentary time and high MVPA, 1.33 (95%
CI 1.07 to 1.66) for medium sedentary time and medium
MVPA, and 1.58 (95% CI 1.27 to 1.97) for medium sed-
entary time and low MVPA. Considering the same ref-
erence group, multivariable-adjusted HR for all-cause
mortality were 1.26 (95% CI 0.94 to 1.71) for high seden-
tary time and high MVPA, 1.44 (95% CI 1.14 to 1.82) for
high sedentary time and medium MVPA, and 2.12 (95%
CI 1.73 to 2.60) for high sedentary time and low MVPA.
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Similar patterns of association were found for joint
associations of sedentary time with MPA (Fig. 2) and
VPA (Fig. 3), but not with LPA (Fig. 4). Compared to par-
ticipants with low sedentary time and high MPA, mul-
tivariable-adjusted HR for all-cause mortality were 1.28
(95% CI 0.96 to 1.72) for high sedentary time and high
MPA, 1.34 (95% CI 1.04 to 1.67) for high sedentary time
and medium MPA, and 1.84 (95% CI 1.49 to 2.28) for
high sedentary time and low MPA. For LPA, we found an
association of high sedentary time with higher risk of all-
cause mortality among participants with low (HR 1.25;
95% CI 1.03 to 1.51) and medium (HR 1.27; 95% CI 1.03
to 1.55), but not among participants with high LPA (HR
1.13; 95% CI 0.87 to 1.45).

Overall, at least a median of 6 min/day of VPA, 30 min/
day of MVPA, 64 min/day of MPA, or 163 min/day of
LPA (mutually adjusted for other intensities) attenuated
most of the association between sedentary time and mor-
tality (Fig. 3).

Joint association of sedentary time and intensity-specific
physical activity with cardiovascular disease mortality

We did not observe a clear joint association of sedentary
time and intensity-specific physical activity with CVD
mortality (Fig. 1). Sedentary time was associated with
higher risk of CVD mortality only among participants
with low MVPA. Compared to participants with low
sedentary time and high MVPA, multivariable-adjusted
HR for CVD mortality were 1.96 (95% CI 1.23 to 3.14)
for medium sedentary time and low MVPA, and 2.27
(95% CI 1.46 to 3.53) for high sedentary time and low
MVPA (Fig. 1). Similar results were observed for joint

A) All-cause mortality
N {Events) Hazard Ratio (95% ClI)

High MVPA

LowST 14,546 (177) Reference

Medium ST 7,496 (111} —_—— 1.16 {0.91, 1.49)

High 8T 3,823 (66) H—— 1.26{0.94,1.71)
Medium MVPA

Low ST 7,656 (130) —e— 1.33{1.05, 1.67)

Medium §T 8,563 (177) —— 1.33(1.07, 1.66)

High 8T 7,729 (172} e 1.44{1.14, 1.82)
Low MVPA

Low ST 3,457 (67) —————— 147 {1.10, 1.96)

Medium ST 7,678 (184} e 1.58{1.27, 1.97)

High ST 11,782 (437) ——e—>  212(1.73,2.60)

r T T
0.80 1.0 15 20 25
Hazard Ratio

B) Cardiovascular disease mortality
N (Events) Hazard Ratio (95% Cly

High MYPA

Low ST 14,548 (32) Referance

Medium ST 7,496 (26) ————#————— 1.19 (0.69, 2.03)

High 8T 3,823 (18) T 1.27 (0.69, 2.35)
Medium MVPA

Low 8T 7,656 (27) H————i 1.53 {0.91, 2.56)

Medium ST 9,583 (54) —_— 1.87 (1.19,2.94)

HighST 7720 (41) b——&——— 1.24 (0.74, 2.06)
Low MVPA

Low ST 3457 (15) ——————e——————  182(0.98 339)

Medium ST 7,678 (47) —— 1.96 (1.23, 3.14)

High ST 11,782 (128) ——e®——> 227(146, 353

T T T 1
060 080 1.0 15 26 85
Hazard Ratio

Fig. 1 Joint associations of device-measured sedentary time and moderate-to-vigorous physical activity with all-cause and cardiovascular disease mor-
tality. Footnote: Tertiles were used to categorize low (3.1 to 10.1 h/day), medium (10.2 to 11.3 h/day) and high (= 11.3 h/day) sedentary time; and MVPA
(0-21 min/day; 21-41 min/day; >41 min/day). The median value of MVPA time in each tertile were: low: 13.5 min/day; medium: 30.0 min/day; high:

59.3 min/day
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A) All-cause mortality

N (Events) Hazard Ratio (95% CI)
High MPA

Low ST 14,427 {178)

Referance

Wedium ST 7,439 (117} ——— 1.16 (0.91, 1.48)

High 8T 3,855 (75) H—— 1.28(0.96,1.72)
Medium MPA

Low ST 7,718 (125) —H—— 1.18(0.93, 1.49)

Wedium ST 9,546 (175) H—— 1.22 (0.98, 1.52)

High 8T 7,700 {172} e 1.32{1.04, 1.67)
Low MPA

LowST  3513(71) I ——— 1.42 (1.08, 1.90)

Medium ST 7,751 (180} | | 138 (1.11,1.74)

High 5T 11,779 (428) —e— 1.84 (1.48, 2.28)

T T 1
0.80 1.0 15 20 25

Hazard Ratio

B) Cardiovascular disease mortality
N (Events) Hazard Ratio (95% CI)
High MPA
Referance

LowST 14,427 (34}

Medium ST 7,439 (32) —t— 1.26{0.76, 2.08)

HighST  3,855(19) ¢——————————— 1.00 (0.54, 1.83)
Medium MPA

LowST  7.719(25) +——1-@&— 1.14(0.68, 1.93)

NMedium ST 9,548 (8] ——— 1.34(0.85,2.12)

High 8T 7,700 {42) b———9— 1.00{0.60, 1.63)
Low MPA

Low ST 3.513(15) —_— 1.33(0.71,2.49)

Medium ST 7,751 {46) ——e— 1.36 (0.84, 2.19)

High ST 11,779 {126) H—e— 1.53(0.97, 2.41)

T T T 1
060 080 1.0 15 25 35

Hazard Ratio

Fig.2 Joint associations of device-measured sedentary time and moderate physical activity with all-cause and cardiovascular disease mortality. Footnote:
Tertiles were used to categorize low (3.1 to 10.1 h/day), medium (10.2 to 11.3 h/day) and high (= 11.3 h/day) sedentary time; and MPA (< 19 min/day;
19-36.8 min/day; >36.8 min/day). The median value of MPA time in each tertile were: low: 54.1 min/day; medium: 90.4 min/day; high: 162.7 min/day

A) All-cause mortality

N (Events) Hazard Ratio (95% CI)
High VPA

Low ST 12,511 (144) Referance

Medium ST 8,493 {99) ¢——— 0.90 {0.69, 1.17)

High 8T 5,248 (96) A 1.23(0.93, 1.63)

Medium VPA

LowST  8452(129) +——8—— 1.15(0.80, 1.47)

Wedium ST 8,688 (172) —— 1.28(1.01,162)
High 8T 7,585 {186} —_—— 1.37 (1.0, 1.75)
Low VPA
Low ST 4,696 (101) —— 1.40(1.07, 1.83)
Medium ST 7,575 (201} —— 1.54(1.21, 1.95)
High 5T 10,501 (383) —— 1.88 (1.48, 2.38)
T T 1
0.80 1.0 15 20 25

Hazard Ratio

B) Cardiovascular disease mortality
N (Events) Hazard Ratio (95% CI)
High VPA
Referance

LowST 12,511 (24}

Medium ST 8,493 (20) é———T— 0.68 {0.48, 1.60)

HighST  5248(19) ¢———4————| 0.88 (0.52, 1.85)
Medium VPA

LowST  8452(22) b+——p1—@—! 1.22(0.68, 2.19)

NMedium ST 8,668 (48) —_—— 1.82¢1.08, 3.08)

High8T 7,565 (48) —_—1— 1.31{0.76,2.27)

Low VPA
Low ST 4.696 (28) 242(1.37.4.27)
Medium ST 7,575 (59) 2.41{1.44,4.02)

High ST 10,501 (122) > 236(1.41,3.96)

T T T 1
060 080 1.0 15 26 35
Hazard Ratio

Fig. 3 Joint associations of device-measured sedentary time and vigorous physical activity with all-cause and cardiovascular disease mortality. Foot-
note: Tertiles were used to categorize low (3.1 to 10.1 h/day), medium (10.2 to 11.3 h/day) and high (= 11.3 h/day) sedentary time; and VPA (< 1 min/day;
1-3 min/day; >3 min/day). The median value of VPA time in each tertile were: low: 0.5 min/day; medium: 1.7 min/day; high: 5.5 min/day

association of sedentary time and VPA, with consistent
positive associations between sedentary time and CVD
mortality only among participants with low VPA. Com-
pared to participants with low sedentary time and high
VPA, multivariable HR for CVD mortality were 2.42 (95%
CI 1.37 to 4.27) for low sedentary time and low VPA, 2.41
(95% CI 1.44 to 4.02) for medium sedentary time and low
VPA, and 2.36 (95% CI 1.41 to 3.96) for high sedentary
time and low VPA (Fig. 3). We did not observe an asso-
ciation between sedentary time and higher risk of CVD
mortality across groups of MPA (Fig. 2) and LPA, with

low number of CVD deaths and wide 95% CI estimates
(Fig. 3).

Sensitivity analysis

In the sensitivity analyses, adding BMI, hypertension,
diabetes, and self-rated health into the model, replacing
fruits and vegetables with diet pattern score, and using
traditional acceleration magnitude cut-offs of device-
measured physical activity did not materially influ-
ence the main results. Fine Grey models to account for
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A) All-cause mortality B) Cardiovascular disease mortality
N {Events) Hazard Ratio (95% CI) N (Events) Hazard Ratio (95% CI)

High LPA High LPA

Low ST 13,909 (228) Referance Low ST 13,908 (47} » Reference

Medium ST 7,428 (169} —e— 1.00 (0.81, 1.24) Medium ST 7,428 (40) —— 0.96 (062, 1.49)

High 8T 3,563 (101) ——— 1.13(0.87, 1.45) High 8T 3,563 (28) ————8—1— 0.88 (0.52, 1.49)
Medium LPA Medium LFA

Low ST 7.278 (98) a1 0.91(0.72, 1.17) Low 8T 7278 (17) &——@&—F—— 0.84 {0.48, 1.47)

Medium ST 8,173 (148} ——1 0.86 (0.70, 1.07) Medium ST 9.173 (39) —_—r 0.96 (0.62, 1.49)

High 8T 8,200 (241} —— 1.27 (1.03, 1.55) High 8T 8,200(72) ——— 1.26(0.83, 1.89)
Low LPA Low LPA

Low ST 4.472 (50) ——1 0.83(0.60, 1.13) Low ST 4472 (10) &—— 0.91 {0.46, 1.82)

Medium ST 8,135 (165} H—e— 1.17 (0.95, 1.44) Medium ST 8,135 (48) —— 1.59 (1.05, 2.41)

High ST 11571 (333) —e— 1.25(1.03,1.51) High ST 11,571 (87} —1— 1.14 (0.7, 1.70)

T T T 1 T T T T
0.50 080 1.0 16 20 25 0.50 0.80 1.0 15 26 35
Hazard Ratio Hazard Ratio

Fig. 4 Joint associations of device-measured sedentary time and light physical activity with all-cause and cardiovascular disease mortality. Footnote:
Tertiles were used to categorize low (3.1 to 10.1 h/day), medium (10.2 to 11.3 h/day) and high (=11.3 h/day) sedentary time; and LPA (<70 min/day;
70-119 min/day; >119 min/day). The median value of LPA time in each tertile were: low: low: 54.1 min/day; medium: 90.4 min/day; high: 162.7 min/day

competing risks for CVD showed similar results com-
pared to main results (Table S2-6).

Discussion

In this large prospective cohort study of wearable move-
ment sensors, high sedentary time was associated with
higher risk of all-cause mortality, but not CVD mortal-
ity. Of note, medium sedentary time was associated
with both all-cause and CVD mortality. One possible
explanation for this inconsistent finding is the distribu-
tion of the amount of movement intensities across the
sedentary time groups, which is not adequately cap-
tured in the independent association between seden-
tary time and mortality; highlighting the importance of
our study on the joint distribution of sedentary time and
intensity-specific physical activity in regards to mortal-
ity. Of note, we observed that high sedentary time was
consistently associated with all-cause and CVD mortality
among participants with low levels of physical activity of
any intensity. We also found that physical activity of any
intensity attenuated the associations between sedentary
time and higher risk of all-cause mortality. A median of
at least 6 min/day of VPA, 30 min/day of MVPA, 64 min/
day of MPA, or 163 min/day of LPA attenuated the asso-
ciation between sedentary time and mortality. For MPA
and VPA, the attenuations were more consistent across
the sedentary time groups for all-cause mortality than
for CVD mortality. For all-cause mortality, we observed
a dose-response relationship with sedentary time across
all MPA and VPA groups, with weaker associations as
physical activity increased. For CVD, however, we did
not observe the same pattern of associations across the
joint categories of sedentary time and MPA and VPA,

particularly in the medium MPA and VPA groups. Sed-
entary time was associated with higher risk of CVD mor-
tality only among participants with low levels of MVPA
and VPA. High sedentary time was associated with
higher risk of all-cause and CVD mortality among par-
ticipants with low LPA, although LPA results presented
wide CI and thus should carefully interpreted.

Comparison with other studies

A prospective cohort study (45 and Up Study) of Aus-
tralian adults showed that self-reported sitting time was
associated with all-cause mortality among insufficiently
active participants (defined as doing<150 min/week of
MVPA, equivalent to approximately 22 min/day), but
not among those meeting (150—300 min/week of MVPA)
or exceeding the physical activity recommendations [3].
Similarly, a harmonized meta-analysis of self-reported
data from more than 1 million adults showed that daily
sitting time was not associated with higher risk of all-
cause mortality among participants with >35.5 MET-h
per week of activity (i.e., approximately 60 to 75 min of
MPA per day) [2]. The self-reported measures of seden-
tary behavior and physical activity used in previous stud-
ies reflect person’s behavior, while accelerometers suffer
from different types of measurement error [7, 22]. Lower
exposure measurement errors have been associated with
greater magnitude of association of sedentary behavior
and physical activity with mortality [7, 22]. Self-reported
and accelerometer-based measures of activity are related
but different constructs (self-reported captures behav-
ioral blocks while accelerometers capture most move-
ment). Questionnaires, for example, usually collect
information on selected physical activity domains, mostly
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leisure-time, and enquire about bouts lasting>10-15
continuous minutes, whereas accelerometry captures all
domains and bout lengths. Accelerometer-based stud-
ies, however, also have some limitations and challenges,
such as the use of the device in single point in time (24-
hrs/day for 7 days), which may lead to regression dilution
bias. Hip and wrist accelerometers usually do not assess
posture well i.e., definition of sedentary time requires
both low energy expenditure and sitting/lying posi-
tion. Possibly, accelerometers can capture occupational
PA less accurately than other PA domains due to their
inability to accurately record upper body activity and/or
less locomotor activities. In addition, device-measured
sedentary time and physical activity present limited con-
textual information, typically do not capture water-based
activities, participants may not wear the accelerometer
as instructed and the accuracy of measurements can be
influenced by demographic factors. Finally, large-scale
epidemiological studies can require significant financial
and human resources. Considering all these limitations
and challenges, our all-cause mortality results are sup-
ported by a harmonized meta-analysis of accelerometer-
measured physical activity and sedentary time including
over 44 thousand participants [21]. In their accelerome-
ter-based study including nine prospective cohort stud-
ies grom four countries (Norway, Sweden, United States
of America and United Kingdom), 44,370 adults (69.7%
women; mean age 65.8 years and standard deviation 8.6
years) were followed for 4 to 15 years and 3451 deaths
occurred. Higher sedentary time was associated with
higher risk of all-cause mortality in less active partici-
pants, but not among those doing 30 to 40 min/day of
movement at MVPA intensity. Our findings add new evi-
dence to guide practitioners and public health by provid-
ing specific amounts of intensity-specific physical activity
needed to attenuate the association between sedentary
time and mortality. Future wearables-based studies from
diverse cohorts would benefit from reproducing our joint
analyses and expanding to other analytical paradigms,
such as CODA, which is a powerful method specifically
developed to examine replacement effects of time spent
in 24-hour composition components (e.g. sleep, different
postures, different physical activity intensities).

Clinical & public health implications

Our findings underscore that high sedentary time is
associated with higher risk of all-cause and CVD mor-
tality, particularly among participants with low physical
activity. Moderate and vigorous intensities, in particu-
lar, attenuated the association of sedentary time with
mortality risk, but larger amounts of LPA may also hold
promise. Specifically, we showed that a median of 6 min/
day of VPA, 30 min/day of MVPA, 64 min/day of MPA,
or 163 min/day of LPA may attenuate the association
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between high sedentary time (>11 h/day) and mortal-
ity. These movement thresholds could be used to guide
quantitative intensity-specific physical activity targets
for people who are highly sedentary and wear consumer
level monitoring device (e.g., fitness trackers or smart-
watches). Our findings may inform clinical practice and
personalized prescription for behavioral counselling,
as well as and public health guidelines, including future
device-based guidelines on physical activity and seden-
tary time. Considering the high prevalence of prolonged
sedentary behaviour and insufficient physical activity in
the population, [33] such clinical and public health guide-
lines are warranted.

Strengths and limitations

Our study has several strengths, including the use of
device-measures of sedentary time and physical activ-
ity intensity and the machine learning-based classifica-
tion scheme. However, there are also several limitations.
Device-measures of sedentary time and physical activity
intensities were captured only in a single point in time.
Repeated-measures of physical activity are less prone to
measurement error and show greater magnitudes of asso-
ciation with mortality compared to a single measurement
at baseline [7, 22] Although we excluded participants
diagnosed with CVD, cancer or respiratory diseases prior
to the accelerometry baseline and excluded deaths within
the first two years of follow-up, the possibility of reverse
causation remains. Second, the large number of sed-
entary time and physical activity groups compromised
the precision of the HR estimates, generating wide 95%
CI, particularly in the LPA and CVD mortality analyses.
Although there was a median lag of 5.5 years between the
UK Biobank baseline when covariates measurements and
the accelerometry study, covariates were stable over time,
with the exception of medication [8]. Considering this
lag-time, it is plausible to assume that covariates were
ancestors of exposure, and therefore potential common
causes of both exposure and outcomes (aka confound-
ers) [28, 34]. As this is an observational study, although
we accounted for several potential confounders, residual
confounding may still exist. The UK Biobank 2006—-2010
baseline had a 5.5% response rate and accelerometer par-
ticipants were a subgroup of respondents (e.g., higher
education attainment and thus more likely to have sed-
entary jobs), therefore participants were not representa-
tive of the overall UK population of adults aged 40-69.
However, recent empirical evidence suggests that poor
representativeness does not materially influence the
association between physical activity and mortality in the
UK Biobank [35].
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Conclusions

High sedentary time was associated with higher risk
of all-cause mortality. Physical activity of any intensity
attenuated the associations of sedentary time and all-
cause mortality: a median of 6 min/day of VPA, 30 min/
day of MVPA, 64 min/day of MPA, or 163 min/day of
LPA. The attenuations provided by MPA and VPA inten-
sities were more consistent across the sedentary time
groups for all-cause mortality than for CVD mortality.
For CVD mortality, high sedentary time (=11 h/day) was
associated with higher risk of mortality only among par-
ticipants with low levels of physical activity (54 min/day
of LPA; 12 min/day of MPA; and <1 min/day of VPA).
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