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Abstract

Background Physical activity (PA) is associated with reduced frailty and lower mortality rates among middle-aged
and older adults. However, the extent to which total PA volume and specific PA intensities are associated with mortal-
ity risk across frailty status remains unclear. We aimed to investigate the interactive effects of accelerometer-measured
PA with frailty on all-cause mortality and life expectancy.

Methods A total of 78,508 participants were sourced from the UK Biobank for analysis. Frailty index (FI) was used

to assess frailty status. Physical activity and sedentary behavior were quantified through accelerometer measure-
ments, capturing the total volume of physical activity (TVPA), moderate-to-vigorous-intensity physical activity (MVPA),
light-intensity physical activity (LPA), and sedentary time (ST). Cox proportional hazard models were applied to calcu-
late adjusted hazard ratios (HRs) and predict life expectancy.

Results During a median follow-up of 6.9 years, 2618 deaths (2.9%) were identified. Compared with robust and physi-
cally active counterparts, individuals characterized by frailty, combined with the lowest levels of TVPA (HR 3.05, 95%

Cl: 2.50-3.71), MVPA (HR 2.65, 95% Cl: 2.19-3.21), LPA (HR 2.26; 95% Cl: 1.81-2.83), or the highest level of ST (HR 2.08,
95% Cl: 1.66-2.61), were found to have the greatest risk of all-cause mortality after comprehensive adjustment.

The dose-response relationship, assessed using restricted cubic splines, consistently demonstrated that regardless

of frailty categories, higher levels of TVPA, MVPA, and LPA were associated with lower mortality risks, while higher ST
level was associated with increased risk. Notably, across the frailty spectrum, individuals in the low tertile of TVPA,
MVPA, and LPA, or the top tertile of ST, were associated with reduced life expectancy, with this pattern being more
pronounced among frail men compared to frail women.

Conclusions Our findings highlighted the importance of increasing total PA volume, emphasizing MVPA and LPA,
and reducing ST across the frailty spectrum to improve life expectancy.
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Background

The global demographic landscape is undergoing a seis-
mic shift towards an aging population, a trend projected
to gain momentum in the coming decades. According to
the World Health Organization, the global population
of individuals aged 60 and above is anticipated to dou-
ble by 2050, reaching an estimated 2 billion [1]. Aging of
the population is leading to a marked increase in chronic
conditions, subsequently elevating the prevalence of
frailty [2]. It is estimated that the overall prevalence of
pre-frailty and frailty in the UK is 37.5% and 3.3%, respec-
tively, in middle-aged and older adults [3].

Frailty, a medical syndrome marked by age-associated
declines in functioning across various physiological sys-
tems, increases vulnerability to stressors and poses an
elevated risk for adverse health outcomes [4]. Frailty has
been documented to be associated with a greater risk of
falls, hospitalizations, disabilities, mortality, and a lower
quality of life [5-7]. The escalating financial burden of
long-term home care due to increased reliance on fam-
ily caregiving for individuals losing daily living abilities,
combined with the direct costs to social services and
medical attention, underscores the urgent need for strat-
egies to prevent frailty and its associated morbidities.

Physical activity (PA) has been highlighted as one of
the most cost-effective strategies in the management of
frailty and other chronic conditions [8]. Recent studies
increasingly differentiate PA into distinct metrics, includ-
ing total PA volume and specific activity intensities such
as moderate-to-vigorous physical activity (MVPA), light
physical activity (LPA), and sedentary time (ST) [9]. Yet,
significant uncertainties persist regarding whether and
to what extent, the known associations between PA and
health outcomes apply to individuals with frailty. This
uncertainty raises critical question about the feasibility
and potential applicability of PA for those in advanced
stages of frailty, potentially due to their physical limita-
tions. Exploring how PA influences frail populations is
vital, as it helps determine the optimal timing for inter-
ventions, and understand its association with all-cause
mortality and life expectancy. Moreover, the poten-
tial heterogeneity in associations of intensity-specific
PA (including MVPA, LPA, and ST) with mortality risk
across frailty levels has not been fully explored. While
total physical activity volume provides a comprehensive
measure of overall movement, analyzing different inten-
sity domains allows for a more nuanced understand-
ing of physiological mechanisms and evaluates whether
these intensities have distinct associations with mortal-
ity across varying frailty levels. Additionally, existing
studies predominantly rely on self-reported measures
of PA, which introduce methodological limitations such
as recall and social desirability biases, often leading to
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overestimation of PA levels [10, 11]. These measures are
typically restricted to specific PA domains (e.g., leisure-
time activity), tend to underestimate ST [12], and rarely
provide comprehensive data on total PA and LPA [11].

Consequently, this study aims to address these gaps by
utilizing accelerometer-based measurements to examine
the independent and interactive effects of PA/ST with
frailty on all-cause mortality and life expectancy in mid-
dle-aged and older adults.

Methods

Study population

The UK Biobank is a large-scale, population-based cohort
study in the UK. Between 2006 and 2010, the UK Biobank
enrolled over 500,000 community-dwelling adults, aged
37-73, at 22 assessment centers throughout the UK. The
study amassed comprehensive phenotypic and genotypic
data for each participant. A detailed account of the UK
Biobank’s methodology has been published elsewhere
[13]. Ethical approval for the UK Biobank study was
granted by the North West Multi-Center Research Eth-
ics Committee (REC reference 21/N'W/0157). All par-
ticipants provided written informed consent prior to
their involvement. The current research utilized the UK
Biobank Resource under Application Numbers 63424
and 88,159.

From February 2013 to December 2015, the UK
Biobank invited 236,519 participants to undergo PA
assessments by wearing a wrist-worn Axivity AX3 accel-
erometer device (Axivity, Newcastle upon Tyne, UK).
Accelerometer data were collected for seven consecu-
tive 24-h periods. Of these invitees, 106,053 consented to
participate, and 103,712 raw accelerometer datasets were
received [14].

After initial processing, 11,528 participants were
excluded due to low-quality data or insufficient wear time
(less than 3 days of valid monitoring or no data on both
Saturday and Sunday). We further excluded those lack-
ing complete data for constructing a 49-item frailty index
(n=13,483) and for all-cause mortality (n=5). Addition-
ally, participants younger than 45 at the time of acceler-
ometer measurement were excluded (n =188). Ultimately,
78,508 participants were included in the main analysis. A
detailed flowchart of the selection process is presented in
Additional file 1: Fig. S1, and baseline characteristics of
participants with and without complete frailty index data
are compared in Additional file 1: Table S1.

Accelerometer-measured physical activity

Participants used the Axivity AX3 wrist-worn triaxial
accelerometer, a commercial version of the Open Move-
ment AX3 sensor developed by Open Lab at Newcastle
University (https://github.com/digitalinteraction/openm
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ovement), for objective assessment of physical activity.
Raw data processing was conducted by the UK Biobank
accelerometer expert working group, following a protocol
outlined in the prior publication [14, 15]. PA was quanti-
fied using the Euclidean Norm Minus One (ENMO) in
milli-gravity (mg) to measure movement-related accel-
eration [16]. Subsequently, a validated machine learning
model, employing balanced random forests with Hidden
Markov models, was utilized to categorize movement
behaviors into 30-s intervals, including moderate-to-vig-
orous-intensity physical activity (MVPA), light-intensity
physical activity (LPA), and sedentary time (ST) [17].
The total volume of physical activity (TVPA) was sum-
marized as the average ENMO while awake (defined as
06:00 to 22:00). Daily MVPA and LPA were calculated as
the cumulative minutes spent in activities with the meta-
bolic equivalent of tasks (METs) values of >3 and 1.5—
2.9, respectively, during a typical day [17]. Correlations
between accelerometer-measured PA and ST are shown
in Additional file 1: Fig. S2. TVPA, MVPA, LPA, and ST
were categorized into tertiles, with the first tertile as the
reference group.

Frailty

The Fried frailty phenotype and Rockwood frailty index
are commonly used measurements in frailty research
[18]. This study utilized the frailty index (FI) due to its
more accurate mortality predictions, better reproduc-
ibility and responsiveness, greater strength in maintain-
ing consistency and adaptability across varied items, and
superior differentiation capabilities, particularly at the
lower to middle end of the frailty continuum [18, 19].
Designing and validating a standard FI in UK Biobank
has been reported elsewhere [20]. Briefly, deficits were
required to meet specific criteria: they needed to be age-
related, associated with poor health, more prevalent in
older individuals, neither rare nor universal, cover mul-
tiple areas of human functioning, and be available for at
least 80% of participants [20]. The full list of deficits in
this study is provided in Additional file 1: Table S2. The
FI comprised 49 variables obtained from touch-screen
questionnaires and nurse-led interviews at baseline (self-
reported), covering health conditions, illnesses, physi-
cal limitations, and mental well-being [20]. Categorical
variables were dichotomized (no deficit=0; deficit=1),
and ordinal variables were mapped onto a score between
zero and one. The FI was calculated by dividing the
sum of present deficits by the total number of possible
deficits, yielding values between zero and one; higher
values indicated increased frailty [20]. We classified par-
ticipants into three levels based on the prior study: robust
(FI<0.12), pre-frailty (FI 0.12-0.24), or frailty (FI>0.24).
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Covariates

All participants completed a touchscreen questionnaire
and anthropometric assessment at recruitment into the
main study. Some also participated in up to two addi-
tional touchscreen interviews. Consistent with previous
research [21, 22], we used the accelerometry time-point
as the analytical baseline. Exceptions to this were sex and
Townsend Index of deprivation that were only obtained
at recruitment, ethnicity (self-reported), and family
medical history where a condition was counted at any
of the measurement points [21, 22]. The values of other
covariates, including education level, employment stats,
household income, smoking status, alcohol consump-
tion, healthy diet score, sleep duration, and body mass
index (BMI) were obtained from touchscreen question-
naires at the time-point closest to the accelerometry [21,
22]. Detailed information on the source and definition of
covariates, assessment timeline, and missing percentages
are shown in Additional file 1: Table S3-S5 and Fig. S3.

Ascertainment of mortality and life expectancy

The primary outcome of this study was all-cause mor-
tality. Follow-up time was calculated as person-time in
months for each participant from the complete date of
accelerometer wear to death, the date of losing follow-up,
or the end of the study. Mortality records were identi-
fied by linking to death registries of the National Health
Service (NHS) Information Centre for participants from
England and Wales and the NHS Central Register Scot-
land for participants from Scotland. At the time of our
analyses, mortality data were available up to 30 Septem-
ber 2021 for England and Wales and 31 October 2021 for
Scotland.

To calculate the life expectancy of participants we
used life tables [23]. We built the lifetables starting at age
50 years and ending at age 100 years with the following
three estimates to calculate the cumulative survival from
50 years onward: (i) sex- and age-specific population
mortality rate from the Office for National Statistics [24];
(ii) sex-specific hazard ratios (HRs) of all-cause mortal-
ity in FI, accelerometer-measured PA/ST, and their inter-
active combinations; (iii) sex-specific prevalence of each
frequency of FI, accelerometer-measured PA/ST, and
their interaction.

We fitted multivariable-adjusted Cox regression mod-
els for each gender separately to calculate the age-specific
hazard ratios for all-cause mortality. The estimated life
expectancy (years) from different levels was calculated
at any given age for the reference group and each of the
exposure groups. Details of the methods used for esti-
mating life expectancy have been described in Additional
file 1: Supplementary Method.
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Statistical analysis

Descriptive characteristics by frailty status are presented
as frequencies with percentages for categorical variables
and mean with standard deviations (SD) for continuous
variables. Missing data of covariates were imputed via the
R package “missForest” [25].

Cox proportional hazard regression models were
employed to assess the hazard ratios (HRs) and corre-
sponding 95% confidence intervals (CIs), using follow-up
time as the underlying timescale. The proportional haz-
ards assumption was verified through statistical tests and
graphical diagnostics based on scaled Schoenfeld residu-
als, revealing no violations. Models were constructed to
adjust for potential confounders: age at accelerometer
measurement, sex, assessment center, body mass index,
ethnicity, education, employment, household income,
Townsend deprivation index, smoking status, alcohol
drinking frequency, sleep duration, healthy diet score,
family history of diabetes, family history of cardiovascu-
lar disease (CVD), family history of cancer, seasonality
and total wear days. MVPA and LPA models were further
adjusted for ST, the ST model was further adjusted for
MVPA, while the TVPA model was not further adjusted.
We found no collinearity issues through a correlation
matrix analysis and the calculation of the variance infla-
tion factor.

Three types of analyses were performed using multi-
variate Cox models to examine the combined effects of
accelerometer-measured PA/ST and FI on all-cause mor-
tality. First, we analyzed both the additive and multipli-
cative interactions between the accelerometer-measured
PA/ST and the FI with all-cause mortality. In stratified
analyses, restricted cubic splines of changes in acceler-
ometer-measured PA/ST stratified by FI categories were
applied to graphically estimate the effects, with 4 knots
placed at the 5th, 35th, 65th, 95th percentiles (reference
was the 5th percentile). Last, the joint association was
subsequently investigated by stratifying the overall sam-
ple into nine mutually exclusive groups based on levels
of accelerometer-measured PA/ST and categories of FL
We evaluated interactions between accelerometer-meas-
ured PA/ST and FI using likelihood ratio tests comparing
models with and without a cross-product term.

A series of sensitivity analyses were performed. First, to
mitigate the risk of reverse causation, we excluded par-
ticipants who died within the first 2 years of follow-up.

Second, recognizing that the current accelerom-
eter processing algorithm, which defines waking time
as 06:00-22:00, may not accurately capture physi-
cal activity patterns for shift workers, we performed an
analysis excluding shift workers. Third, two additional
analyses were conducted by redefining the awake times
from 07:00 to 21:00 and from 08:00 to 20:00. Fourth, to

Page 4 of 12

isolate independent effects, we further mutually adjusted
for MVPA and LPA. Fifth, to address the issue of missing
data, we reran the analysis excluding those with missing
data for any covariate.

All statistical analyses were conducted using R software
version 4.3.1. We used Monte Carlo simulation (paramet-
ric bootstrapping) with 10,000 runs to calculate the Cls
of the life expectancy estimation with the boot R package.
All statistical tests were two-sided, and we considered a P
value of less than 0.05 to be statistically significant.

Results

Baseline characteristics

The baseline characteristics of the included partici-
pants, stratified by FI, are presented in the imputed data-
set (Table 1) and the original dataset (Additional file 1:
Table S6). Of the 90,320 participants, 3193 (3.5%) were
identified as frail. During a median follow-up of 6.9 years,
2618 participants (2.9%) died. Baseline characteristics
stratified by TVPA, MVPA, LPA, and ST are detailed in
Additional file 1: Table S7-S10.

Joint associations of accelerometer-measured PA/ST and FI
with all-cause mortality

The results of joint analyses involving accelerometer-
measured PA/ST and the FI with all-cause mortal-
ity (Fig. 1 and Additional file 1: Table S11) revealed
statistically significant interaction effects (all P for inter-
action <0.05). The association between PA/ST and mor-
tality was similar across all frailty categories. Specifically,
within each frailty status, being in a higher tertile of
TVPA, MVPA, and LPA was associated with a reduced
risk of all-cause mortality, while being in a higher tertile
of ST was associated with increased risk. Figure 2 shows
the dose—response relationship of accelerometer-meas-
ured PA/ST with all-cause mortality stratified by FI cate-
gories. Dose—response curves, generated using restricted
cubic splines, displayed similar and consistent non-linear
patterns across FI categories (all P for nonlinear <0.05).
In terms of TVPA and MVPA, the HRs decreased pro-
gressively with increasing levels of PA, highlighting
clear inverse associations. For LPA, following an initially
steeper decline in HRs, there was an apparent flattening
of the relationships. Regarding ST, after an initial slight
decrease in HRs, there was a more pronounced upward
trajectory.

Life expectancy differences

Differences in estimated life expectancy from 50 years of
age onward in men by accelerometer-measured PA/ST
across FI status are presented in Fig. 3. Compared with
the top tertile of TVPA, MVPA, and LPA, life expectancy
was lower in the medium tertile and significantly more so
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Table 1 Baseline characteristics of the participants stratified by frailty index
Overall Robust Pre-frailty Frailty
(N=78,508) (N=49,736) (N=25,579) (N=3193)
Age at accelerometer measurement, mean (SD) 62.0(7.8) 61.5(7.8) 62.8(7.7) 63.5(74)
Sex, n (%)
Women 43,538 (55.5%) 26,757 (53.8%) 14,844 (58.0%) 1937 (60.7%)
Men 34,970 (44.5%) 22,979 (46.2%) 10,735 (42.0%) 1256 (39.3%)

Body mass index (BMI), kg/mz, n (%)
<250
25.0-299
>30.0
Ethnicity, n (%)
White
Other
Education, n (%)
College or university degree
Secondary school
Primary school
Professional qualification
Employment, n (%)
Employed
Retired
Inactive
Household income, £/year, n (%)
Less than 18,000
18,000 to 30,999
31,000 to 51,999
52,000 to 100,000
Greater than 100,000
Townsend deprivation index, mean (SD)
Smoking status, n (%)
Never
Previous
Current
Alcohol drinking frequency, n (%)
> 3 times/week
<3 times/week
Never
Sleep duration, n (%)
7-8 h/day
<7 h/day
>8 h/day
Healthy diet score, n (%)
0-2
3-5
>6
Family history of diabetes, n (%)
No
Yes
Family history of CVD, n (%)
No

31,356 (39.9%)
32,136 (40.9%)
15,016 (19.1%)

76,355 (97.3%)
2153 (2.7%)

35,182 (44.8%)
28,803 (36.7%)
6203 (7.9%)
8320 (10.6%)

42,369 (54.0%)
32,111 (40.9%)
4028 (5.1%)

12472 (15.9%
19,679 (25.1%
1,841 (27.8%
18,315 (23.3%
6201 (7.9%)
-1.79(2.78)

)
)
)
)

45,193 (57.6%)
28,468 (36.3%)
4847 (6.2%)

38,041 (48.5%)
35,795 (45.6%)
4672 (6.0%)

56,048 (71.4%)
17,197 (21.9%)
5263 (6.7%)

27,185 (34.6%)
47,762 (60.8%)
3561 (4.5%)

60,987 (77.7%)
17,521 (22.3%)

17,621 (22.4%)

22,181 (44.6%)
20,400 (41.0%)
7155 (14.4%)

48,403 (97.3%)
1333 (2.7%)

23,967 (48.2%)
17,785 (35.8%)
3065 (6.2%)
4919 (9.9%)

28,455 (57.2%)
19,354 (38.9%)
1927 (3.9%)

6105 (12.3%)
11,733 (23.6%)
14,352 (28.9%)
12,858 (25.9%)
4688 (9.4%)
—1.92(2.70)

30,325 (61.0%)
16,758 (33.7%)
2653 (5.3%)

25,335 (50.9%)
21,963 (44.2%)
2438 (4.9%)

37,687 (75.8%)
9241 (18.6%)
2808 (5.6%)

16,652 (33.5%)
30,724 (61.8%)
2360 (4.7%)

39,430 (79.3%)
10,306 (20.7%)

12,218 (24.6%)

8574 (33.5%)
10,604 (41.5%)
6401 (25.0%)

24,867 (97.2%)
712 (2.8%)

10,272 (40.2%)
9748 (38.1%)
2605 (10.2%)
2954 (11.5%)

12,736 (49.8%)
11,320 (44.3%)
1523 (6.0%)

5199 (20.3%
7035 (27.5%
6841 (26.7%,
5070 (19.8%
1434 (5.6%)
—1.64 (2.85)

)
)
)
)

13,416 (52.4%)
10,316 (40.3%)
1847 (7.2%)

11,667 (45.6%)
12,084 (47.2%)
1828 (7.1%)

16,790 (65.6%)
6755 (26.4%)
2034 (8.0%)

9294 (36.3%)
15,213 (59.5%)
1072 (4.2%)

19,338 (75.6%)
6241 (24.4%)

4956 (19.4%)

601 (18.8%)
1132 (35.5%)
1460 (45.7%)

3085 (96.6%)
108 (3.4%)

943 (29.5%)
1270 (39.8%)
533 (16.7%)
447 (14.0%)

1178 (36.9%)
1437 (45.0%)
578 (18.1%)

1168 (36.6%)
911 (28.5%)
648 (20.3%)
387 (12.1%)
79 (2.5%)
—-0.842 (3.21)

1452 (45.5%)
1394 (43.7%)
347 (10.9%)

1039 (32.5%)
1748 (54.7%)
406 (12.7%)

1571 (49.2%)
1201 (37.6%)
421 (13.2%)

1239 (38.8%)
1825 (57.2%)
129 (4.0%)

2219 (69.5%)
974 (30.5%)

447 (14.0%)
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Table 1 (continued)
Overall Robust Pre-frailty Frailty
(N=78,508) (N=49,736) (N=25,579) (N=3193)
Yes 60,887 (77.6%) 37,518 (75.4%) 20,623 (80.6%) 2746 (86.0%)
Family history of cancer, n (%)
No 49,063 (62.5%) 31,475 (63.3%) 15,646 (61.2%) 1942 (60.8%)
Yes 29,445 (37.5%) 18,261 (36.7%) 9933 (38.8%) 1251 (39.2%)
Total wear days, mean (SD) 6.72 (0.709) 6.73 (0.706) 6.72 (0.718) 6.73 (0.691)
Seasonality, n (%)
Autumn 23,285 (29.7%) 14,854 (29.9%) 7472 (29.2%) 959 (30.0%)
Spring 17,873 (22.8%) 11,361 (22.8%) 5785 (22.6%) 727 (22.8%)
Summer 20,730 (26.4%) 12,930 (26.0%) 6972 (27.3%) 828 (25.9%)
Winter 16,620 (21.2%) 10,591 (21.3%) 5350 (20.9%) 679 (21.3%)
TVPA, mg, mean (SD) 384(11.9) 39.7(11.9) 36.5(11.3) 32.0(10.6)
MVPA, hour/day, mean (SD) 0.517 (0.447) 0.568 (0.462) 0445 (0.410) 0.297 (0.340)
LPA, hour/day, mean (SD) 5.27 (1.58) 5.32(1.56) 5.22(1.59) 4.85 (1.70)
ST, hour/day, mean (SD) 7.98 (1.60) 7.97 (1.59) 7.98 (1.60) 8.07 (1.69)

CVD cardiovascular disease, TVPA total volume of physical activity, MVPA moderate-to-vigorous-intensity physical activity, LPA light-intensity physical
activity, ST sedentary time, mg milligravity; health diet score was calculated based on self-reported servings of fruits, vegetables, whole grains, vegetable oil, fish, dairy,
refined grains, unprocessed meats, processed meats, and sugar-sweetened beverages. More details can be found in Additional file 1: Table S4

Townsend Index (including measures of unemployment, non-car ownership, non-home ownership, and household overcrowding), derived from respondents’

postcode was used as an indicator of area-level SES

Employment status is categorized as employed (includes paid employment or self-employed, paid or voluntary work or student), retired, and inactive (includes

looking after home and/or family, unable to work and unemployed)

Education is categorized as college or university degree, secondary school (includes A levels/AS levels or equivalent, O levels/GCSEs or equivalent, CSEs or equivalent),
primary school, and professional qualification (NVQ or HND or HNC or equivalent, other professional qualifications)

for those in the low tertiles, a trend that persisted across
frailty categories, being particularly pronounced in the
frail group. Conversely, higher levels of ST were associ-
ated with shorter life expectancy, a pattern also consist-
ent across different levels of frailty. At age 50, men with
robust status in the lowest tertile of TVPA, MVPA, and
LPA, or the highest tertile of ST, experienced reduc-
tions in life expectancy of 5.4 (95% CI, 4.8-6.0) years,
4.0 (95% CI, 3.0-5.0) years, 2.5 (95% CI, 1.8-3.2) years,
and 2.1 (95% CI, 1.1-3.0) years, respectively, compared
to their most physically active or least sedentary coun-
terparts. More pronounced reductions were observed for
men with frailty status, where life expectancy decreased
by 10.4 (95% CI, 7.7-15.9) years, 12.3 (95% CI, 9.0-16.4)
years, 3.6 (95% CI, 1.7-5.4) years, and 2.4 (95% CI, 1.3—
3.5) years, respectively.

Analogous to the patterns observed in men, women’s
life expectancy decreased from the top to the medium
tertile and even more so to the low tertile of TVPA,
MVPA, and LPA, consistently across all frailty categories
(Fig. 4). Likewise, higher ST was associated with a reduc-
tion in life expectancy, regardless of frailty categories.
At age 50, robust women in the lowest tertile of TVPA,
MVPA, and LPA or the highest tertile of ST had their
life expectancy shortened by 3.5 (95% CI, 3.0—4.1) years,
1.5 (95% CI, 1.1-1.8) years, 3.0 (95% CI, 2.0-4.0) years,

1.5 (95% CI, 0.8-2.3) years, respectively, compared to
their most physically active or least sedentary counter-
parts. Similarly, corresponding reductions in life expec-
tancy were 3.7 (95% CI, 1.7-5.1), 2.4 (95% CI, 0.9-4.2),
3.0 (95% CI, 1.6-4.4), and 2.3 (95% CI, 0.8-3.9) years for
frail women. Furthermore, we estimated life expectancy
across age groups by FI in Additional file 1: Fig. S4 and
by accelerometer-measured PA or ST in Additional file 1:
Fig. S5.

Sensitivity analyses

After excluding participants who died within the first
2 years of follow-up (Additional file 1: Table S12) or
excluding all missing values for covariates (Additional
file 1: Table S13), no substantial changes were observed
in the associations with all-cause mortality. Similarly,
excluding shift workers did not materially alter the
results (Additional file 1: Table S14). Redefining awake
times as 07:00 to 21:00 (Additional file 1: Fig. S4-S5,
Table S15) and 08:00 to 20:00 (Additional file 1: Fig.
S6-S7, Table S16) also had minimal impact on the esti-
mates. Further mutual adjustment for MVPA and LPA
did not materially influence the results (Additional file 1:
Table S17). In addition, results regarding additive and
multiplicative interactions between the accelerometer-
measured PA/ST and the FI with all-cause mortality are
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displayed in Additional file 1: Table S18-S19. The inde-
pendent associations of frailty index (Additional file 1:
Table S20) and accelerometer-measured PA/ST (Addi-
tional file 1: Table S21) with all-cause mortality, as well as
associations between covariates and frailty index (Addi-
tional file 1: Table S14) and covariates and all-cause mor-
tality (Additional file 1: Table S15), were provided.

Discussion

This large prospective study employed accelerometry to
evaluate the combined effects of PA/ST and frailty sta-
tus on all-cause mortality and life expectancy in middle-
aged and older adults. Our analyses revealed that, within
each frailty stratum, higher levels of TVPA, MVPA, and
LPA were associated with lower mortality risk, whereas
greater levels of ST with increased mortality risk. Dose—
response trajectories revealed non-linear associations:
inverse associations of greater TVPA, MVPA, and LPA
levels with mortality risk, and positive association of
higher ST level, remained consistent irrespective of frailty
status. Remarkably, higher levels of TVPA, MVPA, and
LPA, along with lower levels of ST, were associated with
greater gains in life expectancy among frail individuals,

with this pattern being more pronounced in men than in
women.

Independent associations of accelerometer-measured
PA/ST, and frailty status with all-cause mortality have
been documented [5, 26—28], which was in line with our
results. However, research on their combined effects
remains limited. Our findings provided valuable insights
into the associations of total PA volume and intensity-
specific patterns with all-cause mortality across frailty
categories, offering a more comprehensive understand-
ing of these relationships. Specifically, dose—response
analysis showed that higher levels of TVPA, reflecting a
holistic measure of PA over waking hours, were associ-
ated with reduced mortality risk across frailty categories.
This association exhibited no threshold effect, suggesting
that encouraging greater overall movement volume may
be a universal approach to support better health out-
comes, regardless of frailty status. Notably, differences
in the associations for MVPA and LPA were observed.
Even after adjusting for ST or further mutual adjust-
ments, MVPA demonstrated a clear and progressive
inverse association with mortality, whereas LPA showed
diminishing returns at higher levels, with risk reductions
plateauing beyond a certain point. These observations
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aligned with prior evidence suggesting that MVPA were
associated with greater metabolic and cardiovascular
advantages and lower mortality risks, while LPA pro-
vided a more accessible option with relatively smaller but
still meaningful associations with mortality risk [29, 30].
ST provided an important complementary perspective
to these findings. Across all frailty categories, a higher
level of ST was associated with greater mortality risk,
with a clear upward trajectory in hazard ratios at higher
levels. These associations persisted even when adjusted
for MVPA, underscoring the significant and independ-
ent detrimental impact of prolonged ST on health. This
reinforces the need for strategies that not only promote
physical activity but also actively reduce ST to optimize

health outcomes.

Our results supported a dual-focused strategy in health
promotion. Increasing TVPA should remain a founda-
tional goal for all individuals, as it captures the cumu-
lative benefits of the overall movement. Public health
efforts should prioritize MVPA for its superior health
benefits, while recognizing LPA as a viable alternative
for individuals with limited capacity for MVPA. Reduc-
ing ST must also be an integral part of health strategies,

given its independent relationship with mortality risk.
For frail individuals or those with physical limitations,
interventions should focus on achievable increases in
LPA and reductions in ST, acknowledging that even small
improvements in LPA or decreases in ST are associated
with better health outcomes.

An intriguing aspect of our study is the observed gen-
der disparity in the associations between lower levels of
TVPA, MVPA, and LPA, as well as higher levels of ST,
with reduced life expectancy, with frail men being more
affected than frail women. This phenomenon warrants
further investigation into the underlying mechanisms.
One possible explanation is that men, typically having
higher muscle mass and oxygen uptake capacity, might
experience a more significant impact from the decline
in physical function than women as they age [31-33].
Additionally, men’s tendency towards more vigorous
exercise could mean that any reduction in their activity
levels might result in more pronounced changes relative
to women [34, 35]. Moreover, men exhibit dispropor-
tionately higher mortality risks due to greater suscepti-
bilities to conditions like cardiovascular disease, cancer,
and metabolic disorders compared to women, which are
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among the primary drivers of life expectancy reductions
[36].

Several mechanisms explaining the joint effects of PA/
ST with FI on all-cause mortality have been explored.
Frailty and metabolic syndrome (MetS) are intricately
linked through mechanisms such as insulin resistance
and chronic inflammation, which exacerbate the adverse
effects of each other [37]. For example, in frail individu-
als, low PA and high ST intensify vulnerabilities, leading
to endothelial dysfunction and arterial plaque buildup,
heightening cardiovascular risks. Frailty often coexists
with sarcopenia and reduced physical functioning, col-
lectively accelerating the progression to diabetes and
cardiovascular disease, worsening metabolic imbalances,
and increasing the risk of complications such as kidney
failure. Additionally, frailty exacerbates muscle dysfunc-
tion, intensified by low PA, leading to muscle atrophy
and weakened respiratory muscles, which increases fall
risks and susceptibility to respiratory diseases, poten-
tially causing severe injuries or life-threatening compli-
cations, while compromised respiratory function further
intensifies frailty and comorbidities, collectively elevating
overall mortality risk [38]. Finally, frail individuals often
have limited physiological reserves, and the combination
of low PA and high ST could overwhelm their adaptive
capacity, accelerating health deterioration and elevating
the risk of mortality, potentially due to multi-organ fail-
ure [39].

It’s important to note that both pre-frail and frail indi-
viduals still have a reduced life expectancy compared to
those in robust states, affecting both men and women.
This emphasizes the need for interventions targeting
frailty, aiming to reduce or delay its onset in the elderly
population. These results are not merely a concern for
individual health but have broader implications that
extend to healthcare systems and societal structures. The
quantifiable differences in mortality and life expectancy
identified in our study serve as both an essential empiri-
cal basis for shaping targeted preventive measures and a
crucial reference for the formulation of healthcare poli-
cies for frail individuals. These findings also highlight the
need for future research to investigate the underlying
mechanisms, further addressing the unique needs of this
population.

Unlike most studies that focus on individuals aged
60 and above, our study includes both middle-aged
and older adults, offering a broader perspective on the
impact of accelerometer-measured PA/ST and frailty on
all-cause mortality during the transition from middle
age to later life. The use of accelerometers in this analy-
sis largely mitigated the recall bias commonly occurring
in the application of self-reported questionnaires [40].
Although the single-time-point measurement of PA
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failed to capture its long-term dynamics, prior analyses
have indicated that PA patterns tend to remain relatively
stable over time [41]. Importantly, accelerometers can-
not reliably detect certain activities, such as stair climb-
ing, bicycling, or non-ambulatory muscle-strengthening
exercises, potentially underestimating their contribution
to overall physical activity. In defining the awake period
as 06:00-22:00, we may not fully account for individuals
with non-standard work or sleep patterns; however, sen-
sitivity analyses excluding shift workers and using alter-
native awake windows (07:00-21:00 and 08:00-20:00)
demonstrated that our findings were robust. Despite
careful consideration of a wide range of confounding
factors, covariates were sourced from interviews closest
to the accelerometry date. This approach, while ensur-
ing temporal proximity, may introduce subtle biases due
to data availability across participants, but it remained
widely employed in epidemiological research [21, 22].
Additionally, the observational study design inherently
limited causal inference, though multiple sensitivity anal-
yses supported the robustness of our results. The 49-item
FI treats all deficits equally, not accounting for the vary-
ing severity of different health conditions, which could
lead to individuals with the same number of deficits but
differing in type and severity being classified into the
same frailty category, potentially influencing the associa-
tions. The UK Biobank sample is not fully representative
of the UK population, constraining the generalizability
of our conclusions, yet evidence suggests that observed
exposure-outcome associations are generally consistent
with more representative samples [42]. Finally, despite
the large overall sample size, certain stratified or inter-
active subgroups may have been underpowered by rela-
tively small size, potentially affecting the precision of the
estimates.

Conclusions

In conclusion, our study demonstrated that greater PA
volume and increased engagement in intensity-specific
patterns, including MVPA and LPA, alongside reduced
ST, were associated with substantially lower mortal-
ity risk and longer life expectancy across the frailty
spectrum.

Abbreviations

Fl Frailty index
PA Physical activity
TVPA Total volume of physical activity

MVPA  Moderate-to-vigorous-intensity physical activity
LPA Light-intensity physical activity

ST Sedentary time

HR Hazard ratio

a Confidence interval

ENMO  Euclidean Norm Minus One

mg Milli-gravity

METs Metabolic equivalent of tasks
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NHS National Health Service
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