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Abstract

Background: Although light-intensity physical activity (LPA) has been suggested to be associated with a lower risk of mortality, the minimal and
optimal volumes of LPA remain unclear. We aimed to examine the minimal and optimal volumes of LPA associated with the risks of mortality
and disease incidence (i.e., cardiovascular diseases and cancer).

Methods: Data were derived from the population-based UK Biobank cohort study, including 69,492 adults aged 43—78 years. Accelerometer-
measured LPA was defined using a validated, published machine learning-based Random Forest activity method, which was categorized into four
quartile groups. All-cause and cause-specific mortality (cardiovascular disease- and cancer-specific) were determined according to the International
Classification of Diseases, 10th version codes. Disease incidence was defined based on primary care, hospitalization, or death records.

Results: During a median follow-up period of 8.04 years, 2024 adults died from all causes, 539 from cardiovascular disease, and 1175 from cancer. For all-
cause mortality, compared with participants in the lowest quartile of LPA (<3.9 h/day), the hazard ratios (HRs) and 95% confidence intervals (95% Cls)
were 0.82 (95% CI: 0.73-0.93) for those with 3.9-<5.0 h/day, 0.75 (95% CI: 0.66-0.85) for those with 5.0-<6.1 h/day, and 0.77 (95% CI: 0.68-0.88) for
those with >6.1 h/day, respectively. There was an inverse non-linear dose-response association between LPA and all-cause mortality, with an optimal dose
of 5.7 h/day (95% CI: 5.5-6.4; HR =0.63, 95% CI: 0.56-0.71) and a minimal dose of 3.6 W/day (95% CI: 3.5-8.6; HR =0.81, 95% CI: 0.78-0.86), with
the Sth percentile as the reference. Similar patterns were observed for cause-specific mortality and disease incidence (cardiovascular disease and cancer).
Conclusion: Engaging in LPA for ~3.5 h/day was conservatively associated with lower risk of mortality and disease incidence, with further risk
reductions observed up to an optimal dose of ~6.0 h/day. These findings suggest that sufficient LPA offers important health benefits, which can
inform the development of future PA guidelines.

Keywords: Light-intensity physical activity; Mortality; Cardiovascular disease; Cancer

1. Introduction
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metabolic equivalents of tasks (METs)), or 75—150 min of
vigorous-intensity PA weekly (=6 METs), or an equivalent
combination of both.'” Accordingly, related public health
guidelines and most health promotion programs emphasize the
necessity for the public to engage in sufficient moderate-to-
vigorous-intensity PA (MVPA). Although vigorous PA is
time-efficient, it may not be suitable for all adults, especially
older adults and those with chronic diseases.” The important
contribution of light-intensity PA (LPA) (1.6—2.9 METs),
which constitutes a major component of daily energy expendi-
ture, has been largely neglected.* The promotion of LPA may
be a feasible way to increase activity, as it does not require
advanced planning or a specific time commitment, and typi-
cally includes everyday activities and increased movement
during work hours (such as slow walking, low-intensity strol-
ling, standing, cleaning, cooking, and stretching).”

Previous evidence has shown the health benefits of LPA,
and even 1-min bouts of LPA during prolonged sitting can
improve metabolic health. Thirty minutes of objectively
measured LPA per day was associated with a 20% reduction in
the risk of cardiovascular disease (CVD)-specific mortality
and a 14% reduction in the risk of cancer-specific mortality.”*
A meta-analysis of six prospective observational studies also
showed that spending more time in daily light activity (highest
vs. lowest amount) reduced the risk of all-cause mortality by
29%.” However, prior studies were limited by insufficient
statistical power and lacked standardized definitions and oper-
ationalization of LPA. The 2018 Physical Activity Guidelines
for Americans introduce flexibility regarding “intensity,”
emphasizing not only moderate-to-vigorous intensity but also
the importance of LPA.” Similarly, the 2020 World Health
Organization guidelines recommended that substituting seden-
tary behavior with PA of any intensity, even light-intensity, is

Participants with accelerometer data
(n=103,661)
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beneficial for human health." However, these guidelines did
not specify the minimal and optimal doses of LPA due to
limited evidence available at that time. Understanding this
information can offer valuable insights into developing future
evidence-based quantitative recommendations on daily LPA.

In this study, we aimed to examine the dose-response asso-
ciations of device-measured LPA with mortality and disease
incidence (i.e., CVD and cancer) in 69,492 adults from the UK
Biobank cohort, and to identify the minimal and optimal
volumes of LPA associated with reduced risk of mortality and
morbidity.

2. Methods
2.1. Study design and sample

We used data from the UK Biobank cohort, which includes
502,629 adults aged 37—73 years who were enrolled between
2006 and 2010.'” Objective PA measurements were collected
from 103,661 participants aged 43—78 years between 2013
and 2015. At enrollment, participants underwent examinations
at 1 of 22 assessment centers and were followed up until
November 30, 2022. After excluding participants with unus-
able accelerometer data (n = 7010, including those with insuffi-
cient wear time (i.e., fewer than 3 valid days, with each hour of
the 24-h cycle covered) (n=6992), those whose raw acceler-
ometer data were not well calibrated (n=4), those who had
unrealistically high acceleration values (n=13), and those
without data on LPA (n = 1), those with the diagnosis of CVDs
or cancers before accelerometry measurement (n=25,928),
and those with missing values for any covariates (n=1231),
we finally included 69,492 participants aged 43—78 years with
valid wrist accelerometer data (Fig. 1). The basic characteris-
tics of included and excluded participants are shown in

Exclusion:

Those with poor quality of good wear time (n = 6992);

Those whose raw accelerometer data was not well calibrated (n = 4);
Those who had unrealistically high acceleration values (n = 13)
Those without data on light-intensity physical activity (n = 1)

96,651 participants

Excluding 25,928 participants with a diagnosis of cardiovascular
disease or cancer before the accelerometry measurement

70,723 participants |

—>| Excluding 1231 participants with missing data on covariates

Participants included in
final analysis (n = 69,492)

Fig. 1. Flowchart of inclusion/exclusion of study participants.
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Supplementary Table 1. The UK Biobank cohort was reviewed
and approved by the North West Multi-Center Research Ethics
Committee (R21/NW/0157). All participants provided written
informed consent before the baseline assessment.

2.2. Assessment of accelerometer-based LPA

Participants wore an Axivity AX3 wrist-worn triaxial accel-
erometer (Axivity Ltd., Newcastle upon Tyne, UK) on the
dominant wrist for 7 consecutive days, and it recorded contin-
uous acceleration signals calibrated to 100 Hz and a dynamic
range of +8g."" The intensity of PA was identified using a
validated, published machine learning-based Random Forest
activity method, which includes categories for running,
walking, and small utilitarian movements.'” Detailed descrip-
tions of this method are shown in the Supplementary Method
section of Supplementary Materials. For further data analyses,
accelerometer-measured LPA was categorized into four
groups based on quartiles.

2.3. Morbidity and mortality ascertainment

CVD incidence was identified from primary care, hospital
admission, and death records, while cancer incidence was
ascertained from cancer registry data, excluding non-mela-
noma and in situ skin cancers, as well as cancers with ambig-
uous definitions.'” In this study, we focused exclusively on a
composite cancer outcome that encompassed 13 types of site-
specific cancers and 1 type of cancer with multiple sites. We
combined all cancer types into a composite to increase the
statistical power of our analysis. For mortality, the Interna-
tional Classification of Diseases (ICD), 10th version, was used
to code CVD-specific and cancer-specific mortality in the
medical record. Specifically, CVD was defined according to
the ICD-10 codes (rheumatic heart disease (ICD-10: I01—-109),
hypertensive heart disease (I11), hypertensive heart and renal
disease (I13), ischemic/pulmonary heart disease and diseases
of pulmonary circulation (I120—29), cerebrovascular diseases
(I60—69), and other forms of heart disease (I30—51)). The 13
site-specific cancers were coded as C00—C96 (including
cancers of the lip, oral cavity, and pharynx (ICD-10:
C00—C14), digestive organs (C15—C26), respiratory and
intrathoracic organs (C30—C39), bone and articular cartilage
(C40—C41), melanoma and other malignant neoplasms of skin
(C43—C44), mesothelial and soft tissue (C45—C49), breast
(C50—-C50), genital organs (C51—C63), wurinary tract
(C64—C68), eye, brain, and other parts of the central nervous
system (C69—C72), thyroid and other endocrine glands
(C73—-C75), ill-defined, secondary and unspecified sites
(C76—C80), stated or presumed to be primary, of lymphoid,
hematopoietic, and related tissue (C81—96)). An independent
category for cancers of multiple sites was coded as C97."*
Given the variations in medical visit intervals and follow-up
frequency, the first occurrence of CVD or cancer was consid-
ered as the endpoint. Therefore, follow-up was terminated for
participants on the earliest date of the occurrence of outcomes,
death, or the final follow-up on November 30, 2022, whichever
occurred first.
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2.4. Covariate measurement

Potential covariates in this study were collected from
medical history, touch-screen questionnaires, biomedical
indices, anthropometric measurements, and accelerometer-
measured variables. We adjusted for the following potential
confounders: age, sex (males vs. females), ethnic/racial groups
(White vs. non-White), educational attainment (college or
university degree, A levels/Advanced Subsidiary (AS) levels
or equivalent, O levels/General Certificate of Secondary
Education (GCSEs) or equivalent, Certificate of Secondary
Education (CSE) or equivalent, National Vocational Qualifica-
tion (NVQ) or High National Diploma (HND) or High
National Certificate (HNC) or equivalent vs. others), employ-
ment status (employed vs. not employed), Townsend Depriva-
tion Index (as a continuous variable), self-reported health
(excellent, good, fair vs. poor), smoking status (never, ever vs.
current), frequency of alcohol intake (never, <3 times/week,
vs. >3 times/week), intake of fruits and vegetables (servings/
day as a continuous variable), sleep duration (<7 h/day,
7—8h/day, vs. >8h/day), discretionary screen time (as a
continuous variable), duration of accelerometer-measured
MVPA (as a continuous variable), accelerometer wear time (as
a continuous variable), and season of accelerometer wear
(spring, summer, autumn vs. winter). We categorized long-
standing health problem/disability according to the self-
reported question, “Do you have any long-standing illness,
disability, or infirmity?” with response options of “yes” or
“no.” Participants who responded “yes” were classified as
having a long-standing health problem/disability.

2.5. Statistical analysis

Baseline characteristics were presented as mean =+ standard
deviation (SD) for continuous variables and number (%) for
categorical variables. We used one-way analysis of variance
and x* test to assess differences in baseline characteristics
across quartiles of accelerometer-derived LPA. We used Cox
proportional hazard models, with the completion of accelerom-
eter wear as the start of follow-up, to assess the associations of
LPA with mortality (all-cause and cause-specific) and disease
incidence (CVD and cancer). Four models were used as
follows: Model 1 was adjusted for age and sex; Model 2 was
additionally adjusted for ethnic/racial group, educational
attainment, employment status, Townsend Deprivation Index
score, and self-reported health; Model 3 was additionally
adjusted for smoking status, alcohol intake, intake of fruits and
vegetables, sleep duration, and discretionary screen time;
Model 4 was additionally adjusted for accelerometer wear
time, season of accelerometer wear, and MVPA. We used a
restricted cubic spline fitted in Cox proportional hazard
models to assess the dose—response associations of LPA with
mortality and morbidity, adjusting for confounders in Model
4. In our analysis, we evaluated restricted cubic spline models
with 3, 4, and 5 knots to balance model flexibility and avoid
overfitting. Model selection was based on the Akaike Informa-
tion Criterion (AIC), where a lower value indicates a better fit
after accounting for model complexity. Among the candidate
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models, the 3-knot spline yielded the lowest AIC and was
therefore selected as the optimal choice for the final analysis
(Supplementary Table 2)."” The 3 knots were positioned at the
10th, 50th, and 90th percentiles of the LPA distribution, which
is an empirical strategy validated in prior epidemiological
studies.'™'” For the primary analyses, the 5th percentile
(1114 min/week =~ 2.7 h/day) was set as the reference to align
with conventions for low-exposure anchoring in dose-response
analyses. We evaluated both the minimal dose of LPA associ-
ated with 50% of the lowest hazard ratio (HR) and the optimal
dose corresponding to the lowest HR (i.e., the nadir of the
dose curve) for non-linear associations.'®'” We calculated
95% confidence intervals (95% CIs) for the minimal and
optimal doses using bootstrapping with replacement, with
1000 iterations. Based on the prevalence of exposure and the
relative risks of exposure with outcomes, the population attrib-
utable fraction (PAF) was calculated to evaluate the proportion
of cases that could be prevented if all participants achieved the
minimal or optimal doses of LPA.*"

Furthermore, we performed subgroup analyses stratified by
age (<60 years vs. >60 years), sex (males vs. females),
MVPA (<150 min/week vs. >150 min/week), sleep duration
(<7h/day, 7—8h/day, and >8h/day), discretionary screen
time (<3 h/day vs. >3 h/day, median split), self-reported
health status (excellent, good, and fair/poor), educational
attainment (college/university degree vs. below college/univer-
sity degree), and socioeconomic level (below vs. above the
median Townsend Deprivation score of —2.43). We also
performed sensitivity analyses to evaluate the robustness of
our findings. First, we conducted analyses with multiple impu-
tation for missing values of all confounders. Second, to miti-
gate potential reverse causality, we excluded outcomes of
interest that occurred within 2 or 5 years after baseline. Third,
we assessed the dose-response associations using either the
minimum value (959 min/week ~ 2.3h/day) or the 20th
percentile (1567 min/week ~ 3.7 h/day) as the reference.
Fourth, we additionally adjusted for potential mediators in the
models, including body mass index, blood pressure, glycated
hemoglobin Alc (HbAlc), high-density lipoprotein choles-
terol, anti-hypertensive medication use, antihyperglycemic
medication use, and lipid-lowering medication use. Fifth, to
examine the associations between LPA and mortality risks, we
included patients with pre-existing CVDs and cancers at base-
line and adjusted for these conditions as covariates in Cox
proportional hazard models. Sixth, we further adjusted for
self-reported long-standing health problem/disability as an
additional confounding factor in Cox proportional hazard
models. All analyses were conducted using R software Version
4.0.3 (The R Foundation for Statistical Computing, Vienna,
Austria). Two-sided P values < 0.05 were considered statisti-
cally significant.

3. Results
3.1. Demographics

This study included 69,492 participants (age=61.26 &+
7.83 years, mean =+ SD; 42.47% males; 96.59% White

J Sport Health Sci 2025;xxx:101099

participants). During the median follow-up of 8.04 years, 2024
participants died from all causes, 539 from CVD, and 1175 from
cancer; there were 7731 CVD cases and 6347 cancer cases.

Baseline characteristics of the study participants, catego-
rized by quartiles of LPA (<1656 min/week, 1656—<
2090 min/week, 2090-<2574 min/week, and >2574 min/
week), are shown in Table 1. Participants who engaged in
more LPA were more likely to be older, females, non-White,
and unemployed, to have lower education attainment, lower
socioeconomic level (i.e., higher Townsend Deprivation
Index), poor health, current smoking status, alcohol intake
>3 times/week, to consume more fruits and vegetables, to
spend less time on discretionary screen time and MVPA, to
have longer wrist accelerometer wear time, and to wear the
device more frequently in summer (P < 0.001).

3.2. Mortality and disease incidence

3.2.1. Quartile

As shown in Table 2, compared with participants in the
lowest quartile of LPA (<1656 min/week), the HRs (95% Cls)
for all-cause mortality among those with 1656 to <2090 min/
week, 2090 to <2574 min/week, >2574 min/week were 0.82
(95% CI: 0.73—0.93), 0.75 (95% CI: 0.66—0.85), and 0.77
(95% CI. 0.68—0.88), respectively (Model 4). The corre-
sponding HRs (95% Cls) for CVD-specific mortality were
0.76 (95% CI: 0.61—-0.95), 0.78 (95% CI: 0.62—0.98), and
0.68 (95% CI: 0.53—0.88), respectively; and those for cancer-
specific mortality were 0.89 (95% CI: 0.76—1.04), 0.77 (95%
CI: 0.65—0.91), and 0.83 (95% CI: 0.70—0.99), respectively.
Similar patterns were observed for the incidence of CVD and
cancer (Table 2). Additionally, we found that increasing quar-
tiles of LPA were associated with lower cumulative risks of
all-cause, CVD-specific, and cancer-specific mortality, as well
as the incidence of CVD and cancer (Fig. 2).

3.2.2. Volume

We observed an inverse non-linear dose-response associa-
tion between LPA and all-cause mortality. The optimal dose
was 2404 min/week (95% CI:. 2289—-2691), with a corre-
sponding HR of 0.63 (95% CI: 0.56—0.71), and the minimal
dose was 1506 min/week (95% CI: 1484—3594), with a corre-
sponding HR of 0.81 (95% CI: 0.78—0.86), as compared to the
reference of the 5th percentile (1114 min/week) (Pnonlinear <
0.001, Fig. 3 and Table 3). Similarly, for CVD-specific
mortality, the optimal and minimal doses were 2566 min/week
(95% CI: 2253-3640) and 1535 min/week (95% CI:
1480—3499) (Pnonlinear = 0.017). For cancer-specific mortality,
the corresponding doses were 2457 min/week (95% CI:
2232-3640) and 1533 min/week (95% CI: 1494—3578) (Pnon-
linear = 0.006) (Fig. 3 and Table 3). For disease incidence, the
association between LPA and CVD incidence was non-linear,
with an optimal dose of 2929 min/week (95% CI: 2353—-3640)
and a minimal dose of 1619 min/week (95% CI: 1536—2531).
However, the association with cancer incidence was linear,
with a minimal dose of 1848 min/week (95% CI: 1538—3151)
and no identifiable optimal dose (Fig. 3 and Table 3).
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Table 1
Baseline characteristics of the study population.

Characteristic Overall Light-intensity physical activity (min/week) P

Q1 (<1656) Q2 (1656—<2090) Q3 (2090—<2574) Q4 (=2574)

n 69,492 17,375 17,372 17,368 17,377
Age (year) 61.26+7.83 60.91 £ 8.00 61.42+7.76 61.63 +£7.76 61.09+7.77 <0.001
Male 29,516 (42.47) 10,571 (60.84) 7875 (45.33) 6064 (34.91) 5006 (28.81) <0.001
White 67,121 (96.59) 16,835 (96.89) 16,848 (96.98) 16,783 (96.63) 16,655 (95.85) <0.001
Education <0.001

College or university degree 31,001 (44.61) 8691 (50.02) 8151 (46.92) 7484 (43.09) 6675 (38.41)

A levels/AS levels or equivalent 9431 (13.57) 2291 (13.19) 2302 (13.25) 2438 (14.04) 2400 (13.81)

O levels/GCSEs or equivalent 14,049 (20.22) 2975 (17.12) 3413 (19.65) 3727 (21.46) 3934 (22.64)

CSE or equivalent 2962 (4.26) 560 (3.22) 636 (3.66) 702 (4.04) 1064 (6.12)

NVQ or HND or HNC or equivalent 3524 (5.07) 970 (5.58) 840 (4.84) 835 (4.81) 879 (5.06)

Others 8525 (12.27) 1888 (10.87) 2030 (11.69) 2182 (12.56) 2425 (13.96)
Employed 65,306 (93.98) 16,464 (94.76) 16,518 (95.08) 16,364 (94.22) 15,960 (91.85) <0.001
Townsend Deprivation Index —1.71 (2.83) —1.49 (2.97) —1.74 (2.81) —1.84 (2.75) —1.77 (2.76) <0.001
Self-reported health <0.001

Excellent 16,631 (23.93) 3900 (22.45) 4218 (24.28) 4345 (25.02) 4168 (23.99)

Good 42,215 (60.75) 10,125 (58.27) 10,617 (61.12) 10,651 (61.33) 10,822 (62.28)

Fair 9388 (13.51) 2841 (16.35) 2251 (12.96) 2128 (12.25) 2168 (12.48)

Poor 1258 (1.81) 509 (2.93) 286 (1.65) 244 (1.40) 219 (1.26)
Smoking status <0.001

Never 40,973 (58.96) 10,233 (58.89) 10,134 (58.34) 10,169 (58.55) 10,437 (60.06)

Ever 23,725 (34.14) 5751 (33.10) 6031 (34.72) 6106 (35.16) 5837 (33.59)

Current 4794 (6.90) 1391 (8.01) 1207 (6.95) 1093 (6.29) 1103 (6.35)
Frequency of alcohol intake <0.001

Never 3796 (5.46) 924 (5.32) 838 (4.82) 915 (5.27) 1119 (6.44)

<3 times a week 31,926 (45.94) 7866 (45.27) 7844 (45.15) 8014 (46.14) 8202 (47.20)

>3 times a week 33,770 (48.60) 8585 (49.41) 8690 (50.02) 8439 (48.59) 8056 (46.36)
Fruits and vegetables (servings/day) 4.08 £2.09 3.74 +£2.01 4.03 £2.06 4.20£2.05 433+£221 <0.001
Sleep duration <0.001

<7 h/day 15,152 (21.80) 3730 (21.47) 3650 (21.01) 3773 (21.72) 3999 (23.01)

7—8 h/day 50,305 (72.39) 12,482 (71.84) 12,654 (72.84) 12,616 (72.64) 12,553 (72.24)

>8 h/day 4035 (5.81) 1163 (6.69) 1068 (6.15) 979 (5.64) 825 (4.75)
Discretionary screen time (h/day) 3.50+2.13 4.01+2.36 3.58+2.10 3.37+2.00 3.05+1.89 <0.001
MVPA (min/week) 300.33 +246.97 292.75 +£253.92 312.20 +250.56 305.17 +246.06 291.22 +236.38 <0.001
Wear time (day) 6.65 £ 0.66 6.63+0.70 6.67+0.64 6.68 £0.62 6.65+0.68 <0.001
Wear season <0.001

Spring 16,006 (23.03) 3968 (22.84) 4091 (23.55) 4065 (23.41) 3882 (22.34)

Summer 18,392 (26.47) 4396 (25.30) 4429 (25.50) 4573 (26.33) 4994 (28.74)

Autumn 20,471 (29.46) 5193 (29.89) 5098 (29.35) 5142 (29.61) 5038 (28.99)

Winter 14,623 (21.04) 3818 (21.97) 3754 (21.61) 3588 (20.66) 3463 (19.93)

Notes: Data are shown as mean £ SD for continuous variables and number (%) for categorical variables. Percentages might not add up to 100% due to rounding.
Abbreviations: AS = advanced subsidiary; CSE = Certificate of Secondary Education; GCSE = General Certificate of Secondary Education; HNC = High National
Certificate; HND = High National Diploma; MVPA = moderate-to-vigorous-intensity physical activity; NVQ = National Vocational Qualification.

3.3. Percent contribution of LPA

The optimal and minimal doses of LPA were estimated to
prevent approximately 7.9% (95% CI: 1.6%—14.7%) and
6.2% (95% CI: 3.7%—8.7%) of all-cause deaths, respectively.
Similarly, the optimal and minimal doses could prevent
approximately 16.6% and 10.4% of CVD deaths, respectively;
3.2% and 4.0% of cancer deaths, and 2.7% and 1.9% of CVD
incidence (Supplementary Fig. 1).

3.4. Subgroup analyses

In the subgroup analyses, the protective effects of LPA on
mortality and disease incidence were more pronounced in
specific populations. Individuals aged >60 years who
performed more LPA showed significant risk reductions for

5

all-cause and cause-specific mortality, as well as CVD inci-
dence, whereas no significant protective associations were
observed in those aged <60 years (Supplementary Table 3).
Compared with males, females who performed more LPA
demonstrated more statistically significant protective effects
on all-cause and cancer-specific mortality as well as CVD and
cancer incidence (Supplementary Table 4). Individuals who
engaged in <150 min/week of MVPA in addition to more
LPA showed significant protective effects across all outcomes,
whereas those with MVPA > 150 min/week showed no such
benefits (Supplementary Table 5). Individuals who slept
7—8h/day and performed more LPA showed significant
protective effects on all-cause and cause-specific mortality as
well as CVD incidence. However, those who slept >8 h/day
only had a significant protective effect on CVD mortality. No
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Table 2
Associations of accelerometer-derived light-intensity physical activity categories with mortality and major disease incidence.
Outcome Light-intensity No. of cases/total Incidence rate Hazard ratio (95% CI)
physical activity participants per 1000
category person-years
Model 1 Model 2 Model 3 Model 4
All-cause mortality
<1656 min/week 676/17,375 4.90 Reference Reference Reference Reference
1656—<2090 min/week 496/17,372 3.58 0.76 (0.67—0.85)  0.79 (0.70—0.89) 0.80(0.71—0.90) 0.82 (0.73—0.93)
2090— <2574 min/week  434/17,368 3.13 0.68 (0.60—0.77) 0.72 (0.63—0.81) 0.73 (0.64—0.83) 0.75 (0.66—0.85)
>2574 min/week 418/17,377 3.01 0.71 (0.63—0.81) 0.74 (0.66—0.84) 0.76 (0.67—0.87) 0.77 (0.68—0.88)
CVD mortality
<1656 min/week 201/17,375 1.46 Reference Reference Reference Reference
1656—<2090 min/week  126/17,372 0.91 0.68 (0.54—0.85) 0.72 (0.57—0.90) 0.74 (0.59—0.92) 0.76 (0.61—0.95)
2090—<2574 min/week  119/17,368 0.86 0.68 (0.54—0.86) 0.73 (0.58—0.92) 0.75(0.60—0.95) 0.78 (0.62—0.98)
>2574 min/week 93/17,377 0.67 0.60 (0.47—0.78) 0.64 (0.49—0.82) 0.67(0.52—0.87) 0.68 (0.53—0.88)
Cancer mortality
<1656 min/week 363/17,375 2.63 Reference Reference Reference Reference
1656—<2090 min/week 300/17,372 2.17 0.83 (0.71-0.97) 0.86 (0.73—1.00) 0.87 (0.75—1.02) 0.89 (0.76—1.04)
2090— <2574 min/week  253/17,368 1.82 0.71 (0.60—0.84) 0.73 (0.62—0.86) 0.75(0.64—0.89) 0.77 (0.65—0.91)
>2574 min/week 259/17,377 1.86 0.78 (0.66—0.91)  0.79 (0.67—0.93) 0.82(0.69—0.97) 0.83 (0.70—0.99)
CVD incidence
<1656 min/week 2212/17,375 16.94 Reference Reference Reference Reference
1656— <2090 min/week  2000/17,372 15.20 0.94 (0.88—1.00) 0.96 (0.91—1.02) 0.97 (0.91—1.03) 0.98 (0.92—1.04)
2090—<2574 min/week  1806/17,368 13.63 0.87 (0.82—0.93)  0.90 (0.85—0.96) 0.90 (0.85—0.96) 0.92 (0.86—0.98)
>2574 min/week 1713/17,377 12.87 0.89 (0.83—0.95) 0.91(0.85—0.97) 0.92(0.86—0.98) 0.92 (0.86—0.99)
Cancer incidence
<1656 min/week 1707/17,375 13.04 Reference Reference Reference Reference
1656—<2090 min/week  1633/17,372 12.40 0.97 (0.91-1.04) 0.97 (0.91—-1.04) 0.97 (0.91—1.04) 0.97 (0.91—1.04)
2090— <2574 min/week  1571/17,368 11.90 0.95(0.89—1.02) 0.96 (0.89—1.02) 0.96 (0.89—1.03) 0.96 (0.89—1.03)
>2574 min/week 1436/17,377 10.80 0.91 (0.85—0.98) 0.92 (0.85—0.99) 0.92(0.85—0.99) 0.92 (0.85—0.99)

Notes: Model 1 was adjusted for age and sex; Model 2 was adjusted for age, sex, ethnic/racial group, educational attainment, employment status, TDI score, and
self-reported health; Model 3 was adjusted for age, sex, ethnic/racial group, educational attainment, employment status, TDI, self-reported health, smoking status,
alcohol intake, intake of fruits and vegetables, sleep duration, and discretionary screen time; Model 4 was adjusted for age, sex, ethnic/racial group, educational
attainment, employment status, TDI, self-reported health, smoking status, alcohol intake, intake of fruits and vegetables, sleep duration, discretionary screen time,
accelerometer wear time, season of accelerometer wear, and moderate-to-vigorous intensity physical activity.

Abbreviations: 95% CI=95% confidence interval; CVD = cardiovascular disease; TDI = Townsend Deprivation Index.

significant protective effects were observed among those who
slept <7h/day (Supplementary Table 6). Individuals with
screen time >3 h/day who performed more LPA showed
significant protective effects across all outcomes, whereas
those with screen time <3 h/day showed benefits only for all-
cause and cancer-specific mortality (Supplementary Table 7).
Compared with individuals with good or excellent health
status who performed more LPA, those with fair/poor health
status showed more statistically significant protective effects
on mortality and disease incidence, particularly at higher
activity levels (Quartiles 3—4) (Supplementary Table 8). Indi-
viduals with low educational attainment who performed more
LPA showed significant risk reductions in all-cause and cause-
specific mortality, as well as CVD incidence, whereas those
with high education showed benefits only for all-cause and
cancer-specific mortality (Supplementary Table 9). Individuals
with low socioeconomic levels who performed more LPA
exhibited significant protective effects on all-cause and cause-
specific mortality as well as cancer incidence, whereas those
with high socioeconomic levels showed benefits only for all-
cause mortality and CVD incidence (Supplementary Table
10).

6

3.5. Sensitivity analyses

Sensitivity analyses demonstrated that findings were robust
based on data with multiple imputations for variables with
missing values (Supplementary Fig. 2); after excluding
outcomes of interest that occurred within 2 years (Supplemen-
tary Fig. 3); using the minimum value (959 min/week) as the
reference (Supplementary Fig. 4) or the 20th percentile
(1567 min/week) as the reference (Supplementary Fig. 5); and
further adjusting for potential mediators, including body mass
index, blood pressure, HbAlc, high-density lipoprotein choles-
terol, use of anti-hypertensive medication, use of anti-hyper-
glycemic medication, and use of lipid-lowering medication
(Supplementary Fig. 6); including patients with pre-existing
CVDs and cancers at baseline and adjusted for these conditions
as covariates in Cox proportional hazard models for examina-
tion of association with mortality (Supplementary Table 11);
and adjusted for long-standing health problem/disability as an
additional confounding factor in Cox proportional hazard
models (Supplementary Table 12). However, when the exclu-
sion period was extended to 5 years, the nonlinear associations
between LPA and cause-specific mortality and incidence were
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Fig. 2. Cumulative risk of mortality and disease incidence stratified by light-intensity physical activity quartiles. CVD = cardiovascular disease.

no longer statistically significant. Nevertheless, the inverse
associations with disease-specific outcomes remained consis-
tent with the primary findings (Supplementary Fig. 7).

4. Discussion

In this large prospective cohort study with accelerometer-
measured PA data, we observed a non-linear inverse associa-
tion between LPA and the risk of all-cause mortality, cause-
specific mortality, and CVD incidence. We found that an
optimal dose of ~6.0 h/day (2500 min/week) of LPA was asso-
ciated with a 13%—37% lower risk of mortality and disease
incidence. A minimal dose of ~3.5h/day (1500 min/week)
was associated with a 6%—19% lower risk of mortality and
disease incidence. Our findings suggest that engaging in
~6.0 h/day and ~3.5 h/day of LPA can respectively maximize
and conserve the reductions in mortality and disease incidence.
Our findings have significant implications for public health
guidelines and will help fill the gap in quantitative recommen-
dations for LPA.

4.1. Comparison to prior studies

Compared to MVPA, LPA is easier to incorporate into daily
routines and to maintain over extended periods due to its inci-
dental nature. It carries a lower risk of injury and is suitable
for individuals of all ages and fitness levels, especially for
older people and those who are unable to engage in MVPA

7

due to chronic diseases or disability. In contrast, MVPA
requires considerable time and can be physically challenging
for those with established chronic diseases or poor
fitness.”'>?'"* In our study, sleep, sedentary behavior, LPA,
and MVPA accounted for 36.7% (~8.8 h/day), 39.0% (~9.4 h/
day), 21.3% (~5.1h/day), and 3.0% (~0.7 h/day) of daily
activity, respectively (Supplementary Table 13). This high-
lights the substantial contribution of LPA to daily life, despite
it often being overshadowed by other activities. Current public
health recommendations and PA guidelines primarily focus on
the time spent in MVPA, with limited evidence to support the
minimal and optimal volumes of LPA.'~*

The findings on the dose-response association between
LPA and all-cause mortality have been inconclusive across
previous studies. Three previous meta-analyses have shown
the protective effects of LPA on all-cause mortality.”*"*>
However, the arbitrary categorization of aggregated summary
data in these meta-analyses may result in a loss of information
and pose challenges in translating them into definitive PA
targets for public health decision-making.”® In addition, the
high between-study heterogeneity made the findings unreli-
able. Nevertheless, a harmonized meta-analysis including
eight studies with 36,383 participants (mean age of 62.6 years)
showed a substantial reduction in the risk of all-cause
mortality associated with accelerometry-measured LPA.*
Another pooled analysis of four prospective cohort studies
including 11,989 participants with a median follow-up of
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Fig. 3. Dose-response associations of light-intensity physical activity with mortality and disease incidence. Models were adjusted for age, sex, ethnic/racial group,
educational attainment, employment status, Townsend Deprivation Index, alcohol intake, smoking status, sleep duration, discretionary screen time, intake of fruits
and vegetables, self-reported health, accelerometer wear time, season of accelerometer wear, and moderate-to-vigorous intensity physical activity. To reduce the
influence of extreme values, the range was capped between the 2.5th and 97.5th percentile. The reference was set at the Sth percentile of light-intensity physical
activity (i.e., 1114 min/week ~ 2.65 h/day). 95% CI = 95% confidence interval; CVD = cardiovascular disease.

5.2 years found that, compared to 183 min/day of accelerom-
etry-measured LPA, an additional 15 min/day was associated

consistent with our result (~6 h/day). A recent study using UK
Biobank data corroborates our observation of an inverse dose—

with an 11% lower risk of all-cause mortality, and the optimal
risk reduction was observed at 330 min/day (~35.5 h/day).”’
However, the first meta-analysis did not provide the minimal
and optimal doses of LPA, whereas the second one provided
an optimal dose solely. It is noteworthy that the optimal dose
of LPA provided by the previous study (~5.5 h/day) is largely

Table 3

response relationship between LPA and all-cause mortality
across frailty levels.”® However, that study did not establish
the minimal or optimal dose of such activity, and it utilized a
shorter median follow-up period (6.9 years) compared to ours
(8.04 years). Our findings substantiated and extended the non-
linear dose-response association between LPA and all-cause

Hazard ratios of optimal and minimal levels of light-intensity physical activity for mortality and major disease incidence.

All-cause mortality

CVD mortality

Cancer mortality CVD incidence Cancer incidence

Optimal point (95% CI) min/week 2404 (2289-2691)
h/day 5.72 (5.45—-6.41)
0.63 (0.56—0.71)
min/week 1506 (1484—3594)
h/day 3.59(3.53-8.56)

0.81 (0.78—0.86)

Optimal HR (95% CI)
Minimal point (95% CI)

Minimal HR (95% CI)

2566 (2253—3640)
6.11 (5.36—8.67)
0.63 (0.45—0.78)
1535 (1480—3499)
3.65(3.52—8.33)
0.82 (0.73—0.89)

2457 (2232-3640)
5.85 (5.31-8.67)
0.73 (0.61—0.85)
1533 (1494—3578)
3.65 (3.56—8.52)
0.86 (0.81—0.92)

2929 (2353-3640) -

6.97 (5.60—8.67) .

0.87 (0.80—0.93) -

1619 (1536-2531) 1848 (1538—3151)
3.85 (3.66—6.03) 4.40 (3.66—7.50)
0.94 (0.90—0.96) 0.94 (0.91-0.98)

Notes: We evaluated both the minimal dose of light-intensity physical activity associated with 50% of the lowest HR and the optimal dose corresponding to the
lowest HR (i.e., the nadir of the dose curve). Hazard ratios were adjusted for age, sex, ethnic/racial group, educational attainment, employment status, TDI, self-
reported health, smoking status, alcohol intake, intake of fruits and vegetables, sleep duration, discretionary screen time, accelerometer wear time, season of accel-
erometer wear, and moderate-to-vigorous intensity physical activity.

Abbreviations: 95% CI=95% confidence interval, CVD = cardiovascular disease; HR = hazard ratio; TDI = Townsend Deprivation Index.
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mortality, indicating that LPA lasting for up to ~3.5 h/day was
associated with a substantially lower (19%) all-cause mortality
risk, with an additional beneficial effect observed up to an
optimal dose of ~6 h/day (37%). Overall, our study findings
suggest that encouraging participation in LPA throughout the
day is effective for reducing all-cause mortality risk, as it facil-
itates easy engagement, long-term adherence, and promotion
opportunities.

A previous meta-analysis, which included five prospective
studies, showed a linear dose-response association between
LPA and cancer-specific mortality.® However, this meta-anal-
ysis did not provide the minimal and optimal doses of LPA. In
contrast, we found a significant nonlinear dose-response asso-
ciation. We found that engaging in ~6.0 h/day and ~3.5 h/day
of LPA can respectively maximally and minimally reduce the
risk of cancer-specific mortality, by 27% and 14% respec-
tively. Our findings highlight the clinical and public health
importance of engaging in at least 3.5 h/day of LPA to prevent
the development of cancer. It is worth noting that the sample
size in the previous meta-analysis was relatively smaller than
ours (10,151 vs. 69,492), and the definition of LPA varied
significantly across the included studies.

Regarding cancer-specific incidence, only one prior study
based on 85,394 individuals from the UK Biobank showed
that reallocating 1 h/day from sedentary time to LPA was asso-
ciated with a 7.0% reduction in the risk of cancers of head and
neck, esophageal adenocarcinoma, bladder, breast, kidney,
colon, gastric cardia, lung, liver, endometrial, myeloma,
myeloid leukemia, and rectal.”’ Another study of 70,747
participants from the UK Biobank established an inverse dose-
response association between LPA and the risk of cancer inci-
dence.’’ However, these previous studies above also did not
determine the minimal and optimal doses of LPA. In our
study, we included more cancer types and consistently found
that a higher level of LPA was associated with lower risks of
cancer. Additionally, we further determined a linear associa-
tion between LPA and cancer incidence, with a minimal dose
of 4.4h/day. The optimal dose cannot be identified, which
might be due to the fact that before the onset of cancer, indi-
viduals with a relatively healthy state can tolerate PA of
longer duration, compared to cancer patients, who are often
accompanied by fatigue.”' Our findings suggest that engaging
in LPA for at least 4.4 h/day can confer a significant benefit in
cancer prevention. The higher the dose of LPA beyond this
minimal threshold, the greater the potential reduction in
cancer incidence risk.

Consistent with our findings, a meta-analysis of five
prospective studies suggested a non-linear dose-response
association between LPA and CVD-specific mortality.’
However, the dose-response curve presented in that meta-
analysis appears nearly linear, and that study did not establish
the optimal dose. In addition, the findings of that meta-analysis
should be interpreted with caution due to inconsistent criteria
for defining LPA and the high degree of heterogeneity among
included studies. A study involving 24,139 non-exercisers
from the UK Biobank reported a modest inverse association
between LPA and all-cause mortality, CVD incidence, and
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CVD mortality, with statistical significance achieved only for
CVD mortality at activity levels exceeding 2.2h/day.'’
However, the generalizability of these findings is limited by
the study’s relatively small sample size and its specific focus
on a non-exercising population. As a result, the applicability
of these results in guiding practical public health interventions
remains limited. In our study, we used a prospective cohort
design with a large sample size (n = 69,492) of the general UK
population and identified both the optimal level (~6.1—7.0h/
day) and the minimal level (~3.7—3.9h/day) of LPA for
reducing the risk of CVD incidence and mortality. Our find-
ings provide concrete evidence for clinicians and offer critical
scientific support for public health policymakers to design
activity promotion initiatives and establish health goals.

To further assess the modified effect of other physical activ-
ities on the association between LPA and the risk of mortality
and morbidity, we performed a subgroup analysis stratified by
the duration of MVPA (i.e., <150 min/week and >150 min/
week), daily sleep duration (<7 h/day, 7—8 h/day, and >8 h/
day), and discretionary screen time (<3 h/day and >3 h/day).
We found that the beneficial effect of LPA on mortality and
morbidity was more pronounced among individuals who
engaged in less MVPA and slept 7—8 h per day, and those
with higher screen time. Existing evidence indicates that
replacing sedentary behavior with LPA can significantly
reduce all-cause, CVD-, and cancer-specific mortality and
incidence.'””?7* Although LPA confers antioxidant benefits,
this advantage may be offset by the inflammatory response
associated with sleep deprivation.’® Our findings suggest the
potential for increasing LPA to offset risks associated with
other unhealthy activity status (e.g., low MVPA levels and
more screen time) under the foundational requirement of
adequate sleep across the 24-h activity cycle. This underscores
the importance of holistic behavioral interventions that inte-
grate PA, sleep, and screen time. Further studies are warranted
to evaluate the effects of replacing unhealthy activities with
LPA on mortality and disease incidence.

Evidence regarding differences in associations of LPA with
health outcomes by age, sex, and health status is limited.
Similar to a previous large prospective study assessing the
association between recommended MVPA and mortality,’’ we
found that the effect size between LPA and mortality was
stronger among older adults aged >60 years (vs. younger
adults aged <60 years) and among individuals with fair/poor
health status (vs. excellent and good health status). We also
supported previous findings that LPA was associated with all-
cause mortality and CVD and cancer outcomes among people
with mobility limitations,”® CVD,* type 2 diabetes,"” hyper-
tension,’' and cardiometabolic disease.”” The Physical
Activity Guidelines for Americans recommend that the appro-
priate amount, types, and intensity (including light-intensity)
of PA should be tailored according to individuals’ capabilities
and the severity of chronic conditions.”> The World Health
Organization guidelines also support expanding the scope of
actions (including LPA) to people with chronic conditions and
disabilities." Therefore, LPA should be particularly promoted
for individuals with poor health status or long-standing health
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problem/disability who cannot meet MVPA guidelines. More-
over, these findings suggest that integrating even minimal or
optimal amounts of LPA into daily life, which is often more
feasible than structured MVPA, can contribute meaningfully
to the prevention, management, and reduction of mortality and
disease incidence.

Consistent with prior research,”* our study found that
females experienced greater reductions in mortality and
disease incidence risk within equivalent quartiles of leisure-
time PA. Furthermore, we observed sex-specific differences in
the benefits of LPA. This disparity may be attributed to the
fact that although males generally demonstrate higher exercise
capacity, females possess distinct physiological characteris-
tics, such as higher capillary density and a greater proportion
of type I muscle fibers, that may facilitate more relative
strength gains and improved vascular responses to PA.*
These mechanisms could contribute to their heightened sensi-
tivity to PA in terms of mortality risk reduction. Our findings
may also help address sex-based disparities in PA benefits by
encouraging greater participation in LPAs, especially among
women.

4.2. Potential mechanisms

Several potential mechanisms could explain the association
between LPA and mortality risk. First, a previous study based
on animal models showed that LPA could contribute to an
improved metabolism of circulating lipids due to an increase
in lipoprotein lipase activity.”> Second, it is hypothesized that
LPA could lead to an enhanced cardio—metabolic profile,
improved glycemic control, and a reduction in inflammation
levels.”**” Third, other underlying mechanisms include
changes in metabolic hormones, endogenous sex steroids,
oxidative stress, and immune function.*®

4.3. Implications

Our findings help inform the development of public health
guidance based on dose-response relationships for LPA. A
minimal effective dose of approximately 3.5 h/day provides a
practical and achievable target for sedentary individuals, indi-
cating that even modest increases in daily movement, such as
standing or slow walking, may yield clinically meaningful risk
reductions ranging from 6% to 19%. Furthermore, an optimal
dose of approximately 6.0 h/day was associated with greater
risk reductions of 13%—37%, highlighting the substantial
benefits attainable through higher volumes of LPA. Of note,
our results showed no evidence of adverse effects and
suggested continued benefits beyond 6 h/day, indicating that
healthy adults need not restrict their engagement in light-inten-
sity activities. Individuals already exceeding the optimal dose
can be reassured that maintaining or even modestly increasing
their current activity level remains advantageous, although
marginal gains may diminish. These findings support the
incorporation of both minimal and optimal dose targets in
future PA guidelines, accompanied by tailored recommenda-
tions to promote incremental increases in daily movement.
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4.4. Refining activity measurement

The Euclidean Norm Minus One (ENMO) metric is widely
employed in large UK populations, such as the UK Biobank."'
Evidence suggests that monitor-independent movement
summary (MIMS) units demonstrate lower between-device
coefficients of variation compared to ENMO, which can be
more influenced by variations in dynamic range and sampling
rate across different devices.”’”’ Differences in dynamic
range may lead to under- or overestimation of PA intensity,
potentially resulting in misclassification of activity levels and
biased estimates of morbidity and mortality risks. Neverthe-
less, the UK Biobank adopted multiple acceleration metrics
without explicitly separating gravitational components, which
exhibit strong collinearity (r > 0.95), supporting the validity
of ENMO for examining associations between PA and health
outcomes.'' Furthermore, ENMO demonstrates high accuracy
in classifying PA intensities (+ > 0.90).”'

Two primary approaches have been used in previous studies
to classify PA intensities: traditional cut-point methods (e.g.,
30—125mg for LPA)'™? and machine learning
models.'*'*'®!7 Traditional cut-point methods frequently
misclassified non-MVPA as MVPA, potentially leading to
substantial overestimation or underestimation of the observed
associations between PA and health outcomes.'” The machine
learning model used in our study can minimize the misclassifi-
cation bias and limitations of metrics such as ENMO, demon-
strating markedly higher precision than cut-point methods
(0.75 vs. 0.37), and outperformed previous machine learning
approaches applied to free-living data, as evidenced by a
higher Cohen’s « value (0.80vs. 0.68).'*>® These improve-
ments allow for more reliable estimation of dose-response
associations, providing a robust foundation for evidence-based
public health recommendations.

4.5. Strengths and limitations

To our knowledge, our study is the first national study to
provide the minimal and optimal levels of accelerometer-
measured LPA associated with reduced risk of mortality and
disease incidence based on a large sample size (n=69,492).
However, several limitations should be acknowledged. First,
we only included middle-aged and older adults aged
>43 years. Whether the beneficial effects of LPA can be
applied to younger populations remains unclear and requires
further evaluation. Second, this study was conducted primarily
in a Western-based population of middle-aged and older
adults. Although we included a large and representative
sample suited for detecting associations in populations of
European descent, the generalizability of our findings to other
racial/ethnic groups, as well as to younger individuals, cannot
be assumed. Further research is warranted to establish minimal
and optimal thresholds of LPA in younger adults and more
diverse racial and ethnic populations. Third, repeated measures
of LPA were not available, and thus, the potential changes in
this activity over time may have affected the observed associa-
tions. However, the misclassification was non-differential,
which may have underestimated the association. It has been
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shown that a 7-day accelerometer recording exhibits a rela-
tively stable pattern over time.”"” Indeed, many high-quality
papers using single-time measurements of PA in the UK
Biobank have been published in recent years.'**° Fourth,
while the use of a composite cancer endpoint enabled a
broader evaluation of overall cancer risk, this approach may
have masked underlying heterogeneity across specific cancer
sites, which could obscure or modify the observed associa-
tions. Future studies should therefore evaluate site-specific
cancers to determine whether the associations are driven by
particular types or represent a generalized effect. Fifth,
although the machine learning-based Random Forest approach
enhances activity classification accuracy, residual misclassifi-
cation may remain due to its sensitivity to MET thresholds and
population-specific PA patterns. This could lead to potential
overestimation of the associations between LPA and risks of
mortality and disease incidence. Nevertheless, the model
exhibited superior classification precision compared to tradi-
tional fixed cut-point methods (0.75 vs. 0.37). When applied to
UK Biobank data, the behavioral classification showed strong
concordance with expected daily activity profiles, supporting
its empirical validity.'*'*'7” Sixth, although we adjusted for
a wide range of covariates, residual confounding from unmea-
sured factors cannot be entirely eliminated, which complicates
causal interpretation. To address potential confounding, we
used comprehensively adjusted models and conducted
subgroup analyses to assess how other components of the 24-h
activity cycle (sleep duration, screen time, and MVPA) and
socioeconomic factors (education and deprivation level) may
modify the association between LPA and the outcomes. Varia-
tions in effect estimates across subgroups highlight remaining
uncertainties in causal inference. Future studies should incor-
porate more precise and extensive measurements of potential
confounders to strengthen causal conclusions. Seventh, to
minimize reverse causality, we excluded events occurring
within the first 2 or 5 years of follow-up. Consistent with the
primary analysis, exclusion of the first 2 years did not alter the
results. However, when the exclusion period was extended to
5 years, the nonlinear associations between LPA and cause-
specific mortality and incidence were no longer statistically
significant. A previous study similarly reported attenuation of
nonlinear associations between PA and all-cause mortality
with a 5-year exclusion period.”® It is important to note that
the 5-year exclusion may have reduced statistical power owing
to the relatively short total follow-up (median 8.04 years) in
our study, leading to less precise estimates. Although a 2-year
exclusion is widely used in observational research to address
reverse causality, future studies with longer follow-up are
needed to verify these associations.'**""

5. Conclusion

Engaging in approximately 3.5 h/day of LPA was conserva-
tively associated with reduced risks of mortality and major
disease incidence. Further reductions in risk were observed
with higher activity volumes, reaching an optimal dose of
approximately 6.0 h/day. These findings suggest that the

J Sport Health Sci 2025;xxx:101099

identified minimal and optimal doses of LPA could provide
valuable supplementary recommendations to the existing
public health and PA guidelines aimed at reducing disease
incidence and mortality risk. The protective effects were
particularly evident among vulnerable subgroups, under-
scoring the importance of developing tailored public-health
messaging based on a full 24-h activity cycle, which should
explicitly promote LPA as an accessible and effective inter-
vention.

Authors’ contributions

BX and MZ contributed to the study design, interpretation
of the data analysis, and critical revision of the manuscript and
had final responsibility for the decision to submit it for publi-
cation; JS drafted the manuscript and critical revision of the
manuscript; YQ analyzed the data and contributed to the inter-
pretation of the data and has accessed and verified the data;
FL, RL, YY, and MW contributed to the interpretation of the
data and critical revision of the manuscript. The corresponding
author BX has access to and is responsible for the raw data
associated with the study. All the authors have read and
approved the final version of the manuscript, and agree with
the order of presentation of the authors.

Uncited references
33,34

Declaration of competing interests

The authors declare that they have no competing interests.

Acknowledgments

The research was conducted using the UK Biobank
Resource with approved project No. 98410. The authors grate-
fully thank all participants and researchers of the UK Biobank.
This work was supported by the National Key Research and
Development Plan: Real-Time Intelligent Active Intervention
on Integration of Ten Important Chronic Diseases
(2020YFC2003504-2, to BX).

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/.
jshs.2025.101099.

References

1. Bull FC, Al-Ansari SS, Biddle S, et al. World Health Organization 2020
guidelines on physical activity and sedentary behaviour. Br J Sports Med
2020;54:1451-62.

2. Arnett DK, Blumenthal RS, Albert MA, et al. 2019 ACC/AHA guideline
on the primary prevention of cardiovascular disease: A report of the
American College of Cardiology/American Heart Association task force
on clinical practice guidelines. Circulation 2019;140:¢596—646.

3. Oja P, Kelly P, Pedisic Z, et al. Associations of specific types of sports and
exercise with all-cause and cardiovascular-disease mortality: A cohort
study of 80 306 British adults. Br J Sports Med 2017;51:812—7.

A prospective cohort study. J Sport Health Sci 2025;xxx:101099.

Cite this article: Sun J, Qiao Y, Li F, et al. Associations of accelerometer-measured light-intensity physical activity with mortality and incidence of cardiovascular diseases and cancers:

1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
Q'41213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244


https://doi.org/10.1016/j.jshs.2025.101099
https://doi.org/10.1016/j.jshs.2025.101099

1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301

J. Sun et al.

4,

12.

13.

14.

16.

18.

19.

20.

21.

22.

23.

Bourdier P, Simon C, Bessesen DH, Blanc S, Bergouignan A. The role of
physical activity in the regulation of body weight: The overlooked contri-
bution of light physical activity and sedentary behaviors. Obes Rev
2023;24:¢13528. doi:10.1111/0obr.13528.

. Chastin SFM, De Craemer M, De Cocker K, et al. How does light-inten-

sity physical activity associate with adult cardiometabolic health and
mortality? Systematic review with meta-analysis of experimental and
observational studies. Br J Sports Med 2019;53:370-6.

. Powell KE, Paluch AE, Blair SN. Physical activity for health: What kind?

How much? How intense? On top of what? Annu Rev Public Health
2011;32:349-65.

. Qiu S, Cai X, Jia L, et al. Does objectively measured light-intensity phys-

ical activity reduce the risk of cardiovascular mortality? A meta-analysis.
Eur Heart J Qual Care Clin Outcomes 2021;7:496-504.

. Qiu S, Cai X, Wu T, et al. Objectively-measured light-intensity phys-

ical activity and risk of cancer mortality: A meta-analysis of prospec-
tive cohort studies. Cancer Epidemiol Biomarkers  Prev
2020;29:1067-73.

. Stamatakis E, Straker L, Hamer M, Gebel K. The 2018 Physical Activity

Guidelines for Americans: What’s new? Implications for clinicians and
the public. J Orthop Sports Phys Ther 2019;49:487-90.

. Sudlow C, Gallacher J, Allen N, et al. UK Biobank: An open access

resource for identifying the causes of a wide range of complex diseases of
middle and old age. PLoS Med 2015;12:€1001779. doi:10.1371/journal.
pmed.1001779.

. Doherty A, Jackson D, Hammerla N, et al. Large scale population assess-

ment of physical activity using wrist worn accelerometers: The UK
Biobank study. PLoS One 2017;12:¢0169649. doi:10.1371/journal.
pone.0169649.

Walmsley R, Chan S, Smith-Byrne K, et al. Reallocation of time between
device-measured movement behaviours and risk of incident cardiovas-
cular disease. BrJ Sports Med 2021;56:1008—-17.

Stamatakis E, Ahmadi MN, Friedenreich CM, et al. Vigorous intermittent
lifestyle physical activity and cancer incidence among nonexercising
adults: The UK Biobank accelerometry study. JAMA Oncol 2023;9:1255—
9.

Ahmadi MN, Clare PJ, Katzmarzyk PT, et al. Vigorous physical activity,
incident heart disease, and cancer: How little is enough? Eur Heart J
2022;43:4801-14.

. Harrell FE. Regression modeling strategies: With applications to linear

models, logistic regression, and survival analysis. New York, NY:
Springer; 2001.

Stamatakis E, Ahmadi MN, Gill JMR, et al. Association of wearable
device-measured vigorous intermittent lifestyle physical activity with
mortality. Nat Med 2022;28:2521-9.

. Stamatakis E, Biswas RK, Koemel NA, et al. Dose response of incidental

physical activity against cardiovascular events and mortality. Circulation
2025;151:1063-75.

Rampinelli C, De Marco P, Origgi D, et al. Exposure to low dose
computed tomography for lung cancer screening and risk of cancer:
Secondary analysis of trial data and risk-benefit analysis. BM.J 2017;356:
347. doi:10.1136/bmj.j347.

Ritz C, Baty F, Streibig JC, Gerhard D. Dose-response analysis using R.
PLoS One 2015;10:¢0146021. doi:10.1371/journal.pone.0146021.
Ferguson J, O’Connell M. Estimating and displaying population attribut-
able fractions using the R package: GraphPAF. Eur J Epidemiol
2024;39:715-42.

Tudor-Locke C, Leonardi C, Johnson WD, Katzmarzyk PT. Time spent in
physical activity and sedentary behaviors on the working day: The Amer-
ican time use survey. J Occup Environ Med 2011;53:1382-7.

Matthews CE, Berrigan D, Fischer B, et al. Use of previous-day recalls of
physical activity and sedentary behavior in epidemiologic studies: Results
from four instruments. BMC Public Health 2019;19:478. doi:10.1186/
512889-019-6763-8.

Rosenberger ME, Fulton JE, Buman MP, et al. The 24-hour activity cycle:
A new paradigm for physical activity. Med Sci Sports Exerc 2019;51:454—
64.

12

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

J Sport Health Sci 2025;xxx:101099

Ekelund U, Tarp J, Steene-Johannessen J, et al. Dose-response associa-
tions between accelerometry measured physical activity and sedentary
time and all cause mortality: Systematic review and harmonised meta-
analysis. BMJ 2019;366:14570. doi:10.1136/bmj.14570.

Ku PW, Hamer M, Liao Y, Hsueh MC, Chen LJ. Device-measured light-
intensity physical activity and mortality: A meta-analysis. Scand J Med
Sci Sports 2020;30:13-24.

Royston P, Altman DG, Sauerbrei W. Dichotomizing continuous predic-
tors in multiple regression: A bad idea. Stat Med 2006;25:127-41.

Sagelv EH, Hopstock LA, Morseth B, et al. Device-measured physical
activity, sedentary time, and risk of all-cause mortality: An individual
participant data analysis of four prospective cohort studies. Br J Sports
Med 2023;57:1457-63.

Yang Y, Chen L, Filippidis FT. Accelerometer-measured physical
activity, frailty, and all-cause mortality and life expectancy among
middle-aged and older adults: A UK Biobank longitudinal study. BMC
Med 2025;23:125. doi: 10.1186/s12916-025-03960-z.

Shreves AH, Small SR, Walmsley R, et al. Amount and intensity of daily
total physical activity, step count and risk of incident cancer in the UK
Biobank. BrJ Sports Med 2025;59:839-47.

Sanchez-Lastra MA, Strain T, Ding D, et al. Associations of adiposity and
device-measured physical activity with cancer incidence: UK Biobank
prospective cohort study. J Sport Health Sci 2025;14:101018.
doi:10.1016/j.jshs.2024.101018.

Berger AM, Mooney K, Alvarez-Perez A, et al. Cancer-related fatigue,
Version 2.2015. J Natl Compr Canc Netw 2015;13:1012-39.

Chang Q, Zhu Y, Liu Z, et al. Replacement of sedentary behavior with
various physical activities and the risk of all-cause and cause-specific
mortality. BMC Med 2024;22:385. doi:10.1186/s12916-024-03599-2.
Rezende LFM, Ahmadi M, Ferrari G, et al. Device-measured sedentary
time and intensity-specific physical activity in relation to all-cause and
cardiovascular disease mortality: The UK Biobank cohort study. /nt J
Behav Nutr Phys Act 2024;21:68. doi:10.1186/s12966-024-01615-5.
Rezende LFM, Ahmadi M, Ferrari G, et al. Joint associations of sedentary
time and intensity-specific physical activity with cancer mortality: A
device-based cohort study of 72,458 UK adults. J Phys Act Health
2025;22:398-402.

Wu H, Wei J, Chen W, et al. Leisure sedentary behavior, physical activi-
ties, and cardiovascular disease among individuals with metabolic
dysfunction-associated fatty liver disease. Arterioscler Thromb Vasc Biol
2024;44:€227-37.

You Y. Accelerometer-measured physical activity and sedentary behav-
iour are associated with C-reactive protein in US adults who get insuffi-
cient sleep: A threshold and isotemporal substitution effect analysis. J
Sports Sci 2024;42:527-36.

Zhao M, Veeranki SP, Magnussen CG, Xi B. Recommended physical
activity and all cause and cause specific mortality in US adults: Prospec-
tive cohort study. BM.J 2020;370:m2031. doi:10.1136/bmj.m2031.

Frith E, Loprinzi PD. Accelerometer-assessed light-intensity physical
activity and mortality among those with mobility limitations. Disabil
Health J2018;11:298-300.

Cao Z, Min J, Hou Y, Si K, Wang M, Xu C. Association of accelerometer-
derived physical activity with all-cause and cause-specific mortality
among individuals with cardiovascular diseases: A prospective cohort
study. Eur J Prev Cardiol 2025;32:22-9.

Cao Z, Min J, Chen H, et al. Accelerometer-derived physical activity and
mortality in individuals with type 2 diabetes. Nat Commun 2024;15:5164.
doi:10.1038/s41467-024-49542-0.

Xiang B, Zhou Y, Wu X, Zhou X. Association of device-measured phys-
ical activity with cardiovascular outcomes in individuals with hyperten-
sion. Hypertension 2023;80:2455-63.

Liu Y, Yang Y, Wu H, et al. Intensity-specific physical activity measured
by accelerometer and the risk of mortality among individuals with cardio-
metabolic diseases: A prospective study from the UK Biobank. Int J Nurs
Stud 2024;156:104786. doi:10.1016/j.ijnurstu.2024.104786.

Piercy KL, Troiano RP, Ballard RM, et al. The physical activity guide-
lines for Americans. JAMA 2018;320:2020-8.

Cite this article: Sun J, Qiao Y, Li F, et al. Associations of accelerometer-measured light-intensity physical activity with mortality and incidence of cardiovascular diseases and cancers:
A prospective cohort study. J Sport Health Sci 2025;xxx:101099.

1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337
1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358


https://doi.org/10.1111/obr.13528
https://doi.org/10.1371/journal.pmed.1001779
https://doi.org/10.1371/journal.pmed.1001779
https://doi.org/10.1371/journal.pone.0169649
https://doi.org/10.1371/journal.pone.0169649
https://doi.org/10.1136/bmj.j347
https://doi.org/10.1371/journal.pone.0146021
https://doi.org/10.1186/s12889-019-6763-8
https://doi.org/10.1186/s12889-019-6763-8
https://doi.org/10.1136/bmj.l4570
https://doi.org/10.1186/s12916-025-03960-z
https://doi.org/10.1016/j.jshs.2024.101018
https://doi.org/10.1186/s12916-024-03599-2
https://doi.org/10.1186/s12966-024-01615-5
https://doi.org/10.1136/bmj.m2031
https://doi.org/10.1038/s41467-024-49542-0
https://doi.org/10.1016/j.ijnurstu.2024.104786

1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415

J. Sun et al.

44,

45.

46.

47.

48.

49.

50.

51

52.

Ji H, Gulati M, Huang TY, et al. Sex differences in association of physical
activity with all-cause and cardiovascular mortality. J Am Coll Cardiol
2024;83:783-93.

Bey L, Hamilton MT. Suppression of skeletal muscle lipoprotein lipase
activity during physical inactivity: A molecular reason to maintain daily
low-intensity activity. J Physiol 2003;551:673-82.

Gando Y, Murakami H, Kawakami R, et al. Light-intensity physical
activity is associated with insulin resistance in elderly Japanese women
independent of moderate-to vigorous-intensity physical activity. J Phys
Act Health 2014;11:266-71.

Loprinzi PD, Ramulu PY. Objectively measured physical activity
and inflammatory markers among US adults with diabetes: Implica-
tions for attenuating disease Mayo Clin  Proc
2013;88:942-51.

Friedenreich CM, Ryder-Burbidge C, McNeil J. Physical activity, obesity
and sedentary behavior in cancer etiology: Epidemiologic evidence and
biologic mechanisms. Mol Oncol 2021;15:790-800.

John D, Tang Q, Albinali F, Intille S. An open-source monitor-indepen-
dent movement summary for accelerometer data processing. J Meas Phys
Behav 2019;2:268-81.

Belcher BR, Wolff-Hughes DL, Dooley EE, et al. US population-refer-
enced percentiles for wrist-worn accelerometer-derived activity. Med Sci
Sports Exerc 2021;53:2455-64.

Karas M, Muschelli J, Leroux A, et al. Comparison of accelerometry-
based measures of physical activity: Retrospective observational data
analysis study. JMIR Mhealth Uhealth 2022;10:¢38077. doi:10.2196/
38077.

Zhang X, Liu YM, Lei F, et al. Association between questionnaire-based
and accelerometer-based physical activity and the incidence of chronic

progression.

53.

54.

55.

56.

57.

S58.

59.

60.

J Sport Health Sci 2025;xxx:101099

kidney disease using data from UK Biobank: A prospective cohort study.
EClinicalMedicine 2023;66:102323. doi:10.1016/j.eclinm.2023.102323.
Doherty A, Smith-Byrne K, Ferreira T, et al. GWAS identifies 14 loci for
device-measured physical activity and sleep duration. Nat Commun
2018;9:5257. doi:10.1038/s41467-018-07743-4.

Keadle SK, Shiroma EJ, Kamada M, Matthews CE, Harris TB, Lee IM.
Reproducibility of accelerometer-assessed physical activity and sedentary
time. Am J Prev Med 2017;52:541-8.

Saint-Maurice PF, Sampson JN, Keadle SK, Willis EA, Troiano RP,
Matthews CE. Reproducibility of accelerometer and posture-derived
measures of physical activity. Med Sci Sports Exerc 2020;52:876-83.

Del Pozo Cruz B, Ahmadi MN, Lee IM, Stamatakis E. Prospective associ-
ations of daily step counts and intensity with cancer and cardiovascular
disease incidence and mortality and all-cause mortality. JAMA Intern Med
2022;182:1139-48.

Ahmadi MN, Trost SG. Device-based measurement of physical activity in
pre-schoolers: Comparison of machine learning and cut point methods.
PLoS One 2022;17:€0266970. doi:10.1371/journal.pone.0266970.

Tarp J, Hansen BH, Fagerland MW, et al. Accelerometer-measured phys-
ical activity and sedentary time in a cohort of US adults followed for up to
13 years: The influence of removing early follow-up on associations with
mortality. /nt J Behav Nutr Phys Act 2020;17:39. doi:10.1186/s12966-
020-00945-4.

Dempsey PC, Rowlands AV, Strain T, et al. Physical activity volume,
intensity, and incident cardiovascular disease. Eur Heart J 2022;43:4789—
800.

Kany S, Al-Alusi MA, Ramo JT, et al. Associations of "weekend warrior"
physical activity with incident disease and cardiometabolic health. Circu-
lation 2024;150:1236-47.

Cite this article: Sun J, Qiao Y, Li F, et al. Associations of accelerometer-measured light-intensity physical activity with mortality and incidence of cardiovascular diseases and cancers:
A prospective cohort study. J Sport Health Sci 2025;xxx:101099.

1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472


https://doi.org/10.2196/38077
https://doi.org/10.2196/38077
https://doi.org/10.1016/j.eclinm.2023.102323
https://doi.org/10.1038/s41467-018-07743-4
https://doi.org/10.1371/journal.pone.0266970
https://doi.org/10.1186/s12966-020-00945-4
https://doi.org/10.1186/s12966-020-00945-4

	Associations of accelerometer-measured light-intensity physical activity with mortality and incidence of cardiovascular diseases and cancers: A prospective cohort study
	1. Introduction
	2. Methods
	2.1. Study design and sample
	2.2. Assessment of accelerometer-based LPA
	2.3. Morbidity and mortality ascertainment
	2.4. Covariate measurement
	2.5. Statistical analysis

	3. Results
	3.1. Demographics
	3.2. Mortality and disease incidence
	3.2.1. Quartile
	3.2.2. Volume

	3.3. Percent contribution of LPA
	3.4. Subgroup analyses
	3.5. Sensitivity analyses

	4. Discussion
	4.1. Comparison to prior studies
	4.2. Potential mechanisms
	4.3. Implications
	4.4. Refining activity measurement
	4.5. Strengths and limitations

	5. Conclusion
	Authors´ contributions
	Uncited references
	Declaration of competing interests
	Acknowledgments
	Supplementary materials
	References



