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Introduction

Frailty is a syndrome characterized by the loss of 
homeostasis and increased vulnerability to stressors. 
The prevalence of frailty increases with age and is more 
commonly experienced in females1. Frail individuals have 
inferior health outcomes than robust individuals, including 
lower quality of life, higher rates of hospitalization, increased 
medical costs, and increased incidence of cardiovascular 
disease, and mortality, among other negative health 
outcomes2–8. Frailty is dynamic in nature and can change 
over time, which has made it a target of many interventions 
seeking to slow or reverse its progression. 

Physical activity is associated with improvements in 
phenotypic attributes of frailty and has shown an ability 
to combat many of the underlying biological mechanisms 
of frailty9. Lower rates of physical activity and higher 
amounts of sedentary time are associated with increased 

frailty, with the majority of frail adults being insufficiently 
active with regard to the physical activity guidelines10. 
Higher levels of frailty are associated with increasing 
time spent in sedentary behavior and decreasing 
amounts of both light intensity physical activity (LPA) 
and moderate to vigorous physical activity (MVPA)11. 
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Physical activity interventions incorporating both aerobic 
and muscle-strengthening components improve frailty, 
physical functioning, and inflammatory biomarkers in the 
general population and pre-frail or frail individuals12,13. 
Additionally, a longitudinal study that assessed the activity 
level of individuals over two decades found that those who 
were consistently active or increased their activity levels 
over time had a significantly lower risk of becoming frail 
than those who were consistently inactive14. It is important 
to note that this association may be bidirectional, where 
lower levels of activity contribute to overall frailty, and 
being frail further contributes to lower levels of activity 
and greater sedentary time. 

Since behaviors one can engage in are constrained by 
the finite time available in a day, any activity one engages 
in must come at the direct cost of another. As such, there 
is an emerging focus on how behaviors throughout the 24-
hour day, and how shifting time from one type of behavior to 
another, impact health15. Several methodologies, including 
the isotemporal substitution model and the compositional 
isotemporal substitution model, have been developed to 
assess the impact of these shifts in behavior times16,17. 
One benefit of the compositional isotemporal substitution 
over the ‘traditional’ isotemporal substitution approach is 
that it allows for the estimation of shifting time from one 
type of behavior to another, while also accounting for the 
compositional properties of time-use data17. Prior studies 
have found that shifting time from sedentary behavior to 
physical activity is associated with improved frailty or lower 
odds of frailty18–21. However, there is some uncertainty 
regarding what role activity intensity may play. Some 
studies have found benefits with shifts from sedentary 
behavior to both LPA and MVPA18,20,21, while others have 
only seen improvements associated with higher intensity 
MVPA19,22. Other health benefits, including lower risk of 
disability, improved physical functioning, and decreased 
risk of death have been associated with shifting time from 
sedentary behavior to MVPA, or both LPA and MVPA, 
respectively18,20,22. 

To date, only one study has examined this relationship 
of behaviors throughout the 24-hour day with frailty, as 
assessed using the frailty index, as an outcome18. As such, 
the purpose of this study was to quantify the impact of 
shifting time away from sedentary behavior to light and 
moderate to vigorous physical activity on frailty in older 
adults. 

Materials and Methods

All of Us Research ProgramAll of Us Research Program

This study used data from the All of Us Research 
Program’s Registered Tier Dataset version 8, available to 
authorized users on the Researcher Workbench23. The All 
of Us Research Program (AoURP) is a longitudinal research 
study funded by the National Institutes of Health that aims 
to enroll over one million participants from across the United 

States with the end goal of improving healthcare for all and 
to assist in the development of individualized approaches 
to medicine23. Recruitment for AoURP began in May 2018 
and as of October 2023 has enrolled over 630,000 
participants24. This study has emphasized the recruitment 
of individuals from populations that have been historically 
understudied in biomedical research. AoURP includes data 
from a wide range of sources including participant surveys, 
electronic health records, physical measures, genomics, 
and digital health data from wearable technology including 
Fitbit devices. Participant data were included in the analysis 
if they were over the age of 50, had complete data for >80% 
of measures included in the frailty index, and had Fitbit data 
with at least ten hours of non-sleep wear time for 20 out of 
28 consecutive days. Participants who were missing data 
on covariates of interest (age, sex, race, annual household 
income, body mass index, and current smoking status) were 
omitted from the analysis. Figure 1 shows a flow chart for 
included study participants. 

Fitbit DataFitbit Data

Physical activity was assessed in the AoURP cohort 
using a participants’ personal Fitbit in a ‘Bring your own 
device’ model25. Participants were able to choose to link 
their Fitbit device to their study record and collect physical 
activity data longitudinally and in real time. Data are made 
available to researchers in the domains of Activity (as a 
daily summary), Activity Intraday Steps (assessed at the 
minute-level), and Heart Rate (at the minute-level and by 
zone summary). As of October 2023, AoURP has made 
available Fitbit data for over 59,000 participants24.

A day of Fitbit data was only considered valid if the 
AoURP participant had at least ten hours of non-sleep wear 
time, a minimum of 100 recorded steps, included data on 
sleep duration, and was within 90 days of the latest survey 
used in the frailty index. The minimum criteria of requiring 
at least ten hours of wear time and 100 steps in a valid 
day has been previously implemented26. The first month 
of valid weartime, where the participant had data for 20 
out of 28 consecutive days following the latest survey with 
data that was included in the Frailty Index, were included in 
the analysis. This timeframe was selected to better capture 
true activity patterns and be less susceptible to days or 
weeks of abnormal activity levels (i.e., vacations, following 
an acute illness or injury, etc.). Days with erroneous data, 
or data that may not be indicative of ‘normal’ activity 
levels (e.g., days where the combined sleep time and non-
sleep wear time accounted for more than 24 hours, days 
with reported sedentary time or activity time totaling 24 
hours in one domain, days with zero reported minutes of 
sedentary time, and days with more than 50,000 steps) 
were omitted from the analysis. Additionally, time spent 
in various activities (sleep, sedentary behavior, light-
intensity physical activity, and moderate-to-vigorous 
physical activity) were winsorized to minimize the effect of 
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Figure 1. Study inclusion flowchart.

Figure 2. Distribution of frailty index for the overall AoURP cohort.
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outliers, where reported times were capped at the 5th and 
95th percentiles. 

Frailty Frailty 

Frailty was assessed using a 33-item frailty index (FI) 
developed for the All of Us Research Program by Wong 
et al.27. The FI quantifies frailty as an accumulation of 
deficits associated with aging28, and offers many benefits 
including its ability to be assessed in ambulatory and non-
ambulatory patients, its adaptability across studies, and 
having greater sensitivity to discriminate frailty severity 
than the frailty phenotype29,30. The index used in this study 
assesses 33 deficits across the domains of cognitive 
functioning, self-reported history of comorbid conditions, 
general health status, geriatric syndromes, mental health, 
physical functioning, and sensory impairment27. A detailed 
description of the deficits included in the frailty index can 
be found in Table 2. Participants who were missing data for 
more than 20% of the FI deficits were excluded from the 
study. Severity of frailty was stratified using established 
cutoffs, where FI ≤ 0.10 was considered to be robust, 0.10 
< FI ≤ 0.20 as vulnerable or pre-frail, and a score > 0.20 
as frail31. A clinically meaningful change in frailty has been 
estimated to be a change of at least 0.03 in FI32. 

Statistical Αnalysis

Descriptive data are presented as mean ± standard 
deviation or median (interquartile range) for continuous 
variables, and discrete variables are reported as count and 
percentages. To align with the AoURP data and statistics 
dissemination policy, cells with counts of less than 20 are 
reported as <20 and the number missing that data will be 
reported only as the nearest rounded percentage to obscure 
the exact count. Compositional isotemporal substitution 
models were created to examine the effect of shifting 
time between the domains of sleep, sedentary behavior, 
LPA, and MVPA on FI. Additionally, logistic regression 
models were created examining the effect of shifting times 
between behaviors on the odds of frailty. The creation of 
the models and analysis utilized R packages compositions 
and robCompositions. Models were adjusted for participant 
age, sex, white/non-white race, annual household income, 
body mass index, and current smoking status. Additionally, 
since it is plausible that the benefits of shifting time from 
sedentary time to activity may have differing benefits for 
those who are frail or pre-frail, we also conducted analyses 
stratified by frailty severity. All analyses were performed in 
the All of Us Researcher Workbench using R version 4.4.0 
(Vienna, Austria).

Results

A total of 5,348 participants were included in the 
analysis. Participants had a median age of 6559,71 years 
and 1900 (35.5%) were male. The majority of participants 

(88.8%) were white and 46.1% had an annual household 
income of over $100,000. A detailed breakdown of the 
study population can be found in Table 1. The median FI 
in the cohort was 0.133 (0.086, 0.198). 1774 (33.2%) 
of the participants were robust, 2272 (42.5%) were pre-
frail, and 1302 (24.3%) were frail. Figure 2 shows the 
distribution of the FI in the population. The most reported 
deficits in the FI were arthritis (42.7%), hypertension 
(40.4%), depression (29.0%), and cancer (28.8%). The 
breakdown of the proportion of the cohort with each deficit 
is included in Table 2 and Table 3 includes information 
regarding the time spent in various behaviors with regards 
to frailty severity.

Variable N=5348

Age, median (IQR) 65 (59, 71)

Male sex, n (%) 1900 (35.5)

Race, n (%)

 Asian 117 (2.2)

 Black or African American 290 (5.4)

 White 4749 (88.8)

 Other 27 (0.5)

 More than one population 165 (3.1)

Hispanic Ethnicity, n (%) 105 (2.0)

Smoking Status, n (%)

 Never 3209 (60)

 Former 1972 (36.9)

 Current 167 (3.1)

Annual household income, n (%)

 Less than $10,000 84 (1.6)

 $10-25,000 289 (5.4)

 $25-35,000 299 (5.6)

 $35-50,000 479 (9.0)

 $50-75,000 844 (15.8)

 $75-100,000 887 (16.6)

 $100-150,000 1194 (22.3)

 $150-200,000 565 (10.6)

 More than $200,000 707 (13.2)

BMI, median (IQR) 28.0 (24.6, 32.3)

Frailty Index, median (IQR) 0.133 (0.086, 0.198)

Frailty Status, n (%)

 Robust 1774 (33.2)

 Pre-frail 2272 (42.5)

 Frail 1302 (24.3)

Table 1. Participant characteristics.
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Domain and Deficit Answer choices and values N (%) N = 5348

Cognitive Function

Difficulty Concentrating Yes=1, No=0 286 (5.3)

Dementia Yes=1, No=0 <20

Morbidities or health conditions

Cancer Yes=1, No=0 1540 (28.8)

Hypertension Yes=1, No=0 2163 (40.4)

Peripheral Vascular Disease Yes=1, No=0 83 (1.6)

Stroke and/or Transient Ischemic Attack Yes=1, No=0 242 (4.5)

Atrial Fibrillation or Atrial Flutter Yes=1, No=0 401 (7.5)

Heart Failure Yes=1, No=0 109 (2.0)

Coronary artery disease and/or Heart Attack Yes=1, No=0 401 (7.5)

Diabetes Yes=1, No=0 595 (11.1)

Kidney Yes=1, No=0 183 (3.4)

Asthma Yes=1, No=0 992 (18.5)

Chronic Lung Disease Yes=1, No=0 257 (4.8)

Physical Function

Transportation Yes=1, No=0 156 (2.9)

Difficulty Bathing Yes=1, No=0 81 (1.5)

Difficulty with Errands Alone Yes=1, No=0 161 (3.0)

Difficulty with Walking or Climbing Stairs Yes=1, No=0 436 (8.2)

Average Pain (7 day) Median (IQR)
Worst pain imaginable=1 to No pain=0 

(increments of 0.1)
0.2 (0.1, 0.3)

Ability to do everyday activities
Not At All=1, A Little=0.75,  

Moderately=0.50 Mostly=0.25, 
Completely= 0

<20, >130, 
335 (6.3), 784 (14.7), 

4061 (75.9)

Geriatric syndromes

Fractured Bone Yes=1, No=0 661 (12.4)

Osteoporosis Yes=1, No=0 570 (10.7)

Arthritis (OA/RA/other) Yes=1, No=0 2282 (42.7)

Health Status

General Health

Poor=1, 
Fair=0.75, 

Good=0.50, 
Very Good=0.25, 

Excellent=0

64 (1.2) 
558 (10.4) 

1627 (30.4) 
2306 (43.1) 
767 (14.3)

General Social health

Poor=1, 
Fair=0.75, 

Good=0.50, 
Very Good=0.25, 

Excellent=0

56 (1.0) 
312 (5.8) 

881 (16.5) 
2161 (40.4) 
1921 (35.9)

Health Literacy (Help with health materials and 
Confidence with medical forms)

Always/Not At All=1, 
Often/A Little Bit=0.75, 

Sometimes/Somewhat=0.50, 
Occasionally/ Quite a Bit=0.25, 

Never/Extremely=0

30 (0.6) 
54 (1.0) 

220 (4.1) 
1163 (21.7) 
3839 (71.8)

Table 2. Description of deficits included in the frailty index.
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The compositional isotemporal substitution model 

demonstrated that shifting time from sedentary behavior to 

physical activity was associated with reductions in FI (Table 

4). A shift of 30 minutes of sedentary behavior to LPA was 

associated with an FI reduction of 0.003 [-0.004, -0.002]. 

Additionally, reductions in FI were seen from shifting time 

from sedentary behavior (-0.016 [-0.017, -0.014]), sleep 

(-0.013 [-0.015, -0.011]), and LPA (-0.013 [-0.015, 

-0.010]) to MVPA. A replacement of 311 minutes of 

sedentary time with LPA, or 79 minutes with MVPA, was 

Domain and Deficit Answer choices and values N (%) N = 5348

General social satisfaction

Poor=1, 
Fair=0.75, 

Good=0.50, 
Very Good=0.25, 

Excellent=0

135 (2.5) 
504 (9.4) 

1323 (24.7) 
2194 (41.0) 
1168 (21.8)

Average Fatigue (7 day)

Very Severe=1, 
Severe=0.75, 

Moderate=0.50, 
Mild=0.25, 

None=0

25 (0.5) 
206 (3.9) 

1096 (20.5) 
2629 (49.2) 
1377 (25.7)

Mental Health

Anxiety Yes=1, No=0 857 (16.0)

Depression Yes=1, No=0 1552 (29.0)

Average emotional problems (7 day)

Always=1, 
Often=0.75, 

Sometimes=0.50, 
Rarely=0.25, 

Never=0,

44 (0.8) 
354 (6.6) 

1341 (25.1) 
2080 (38.9) 
1514 (28.3)

General Mental Health

Poor=1, 
Fair=0.75, 

Good=0.50, 
Very Good=0.25, 

Excellent=0

57 (1.1) 
350 (6.5) 

1111 (20.8) 
2328 (43.5) 
1291 (24.1)

Sensory deficit

Hearing Impairment Yes=1, No=0 436 (8.2)

Blindness Yes=1, No=0 90 (1.7)

Table 2. (Cont. from previous page).

Full Cohort 
N=5348

Robust 
N=1774

Pre-Frail 
N=2272

Frail 
N=1302

Non-Robust† 
N=3574

Total Wear Time 1352 ± 40 1351 ± 39 1353 ± 39 1353 ± 41 1353 ± 40

Sleep Time 400 ± 51 404 ± 47 401 ± 50 392 ± 59 398 ± 54

Sedentary Behavior 701 ± 98 675 ± 93 700 ± 94 739 ± 99 714 ± 98

LPA 211 ± 62 223 ± 58 211 ± 62 195 ± 66 205 ± 64

MVPA 38 ± 31 48 ± 32 38 ± 30 25 ± 26 34 ± 29

† The Non-Robust group is a combination of the pre-frail and frail groups.

Table 3. Description of time spent in various activities and physical activity intensities.
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associated with a clinically meaningful change in frailty. 
Shifting 30-minutes from sedentary behavior to sleep 
(-0.003 [-0.004, -0.002]) was also associated with a 
small reduction in FI. 

Associations between physical activity and frailty were 
generally more pronounced in those participants who were 
frail or pre-frail than in those who were robust. Non-robust 
participants saw an associated reduction in FI when 30 
minutes was shifted from sedentary time to LPA (-0.002 

[-0.004, -0.001]). Additionally, in this subgroup, shifts 
from sedentary behavior (-0.014 [-0.016, -0.012]), sleep 
(-0.012 [-0.014, -0.010]), and LPA (-0.012 [-0.014, 
-0.009]) to MVPA were all associated with decreased 
frailty. Shifting time from sedentary behavior to sleep was 
associated with a reduction in frailty among non-robust 
participants. Robust participants only saw reductions in 
FI associated with MVPA, but the overall differences were 
small. Shifting 30 minutes from sedentary time (-0.001 

Overall Cohort

30 Minutes From…
30-Minutes of Additional Time

Sleep LPA MVPA

Sedentary Behavior -0.003  [-0.004, -0.002] * -0.003  [-0.004, -0.002] * -0.016 [-0.017, -0.014] *

Sleep --- 0.000 [-0.001, 0.001] -0.013 [-0.015, -0.011] *

LPA --- --- -0.013 [-0.015, -0.010] *

Robust 

30 Minutes From…
30-Minutes of Additional Time

Sleep LPA MVPA

Sedentary Behavior 0.000 [0.000, 0.001] 0.000 [0.000, 0.001] -0.001  [-0.002, -0.001] *

Sleep --- 0.000 [-0.001, 0.001] -0.002  [-0.003, -0.001] *

LPA --- --- -0.002  [-0.003, 0.000] *

Pre-Frail

30 Minutes From…
30-Minutes of Additional Time

Sleep LPA MVPA

Sedentary Behavior 0.000 [-0.001, 0.000] 0.000 [-0.001, 0.000] -0.003  [-0.004, -0.002] *

Sleep --- 0.000 [-0.001, 0.001] -0.002  [-0.004, -0.001] *

LPA --- --- -0.003  [-0.004, -0.001] *

Frail

30 Minutes From…
30-Minutes of Additional Time

Sleep LPA MVPA

Sedentary Behavior -0.001 [-0.002, 0.001] -0.002  [-0.004, -0.001] * -0.012  [-0.016, -0.009] *

Sleep --- -0.001 [-0.003, 0.001] -0.011  [-0.015, -0.007] *

LPA --- --- -0.010  [-0.014, -0.005] *

Non-Robust † 

30 Minutes From…
30-Minutes of Additional Time

Sleep LPA MVPA

Sedentary Behavior -0.002  [-0.004, -0.001] * -0.002  [-0.004, -0.001] * -0.014  [-0.016, -0.012] *

Sleep --- 0.000 [-0.001, 0.002] -0.012  [-0.014, -0.010] *

LPA --- --- -0.012  [-0.014, -0.009] *

† The Non-Robust group is a combination of the pre-frail and frail groups. Results noted with a * are statistically significant at p<0.05.

Table 4. Estimates from the compositional isotemporal substitution models, showing the resulting change in frailty index from a shift in time 
spent in behaviors. 
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[-0.002, -0.001]), sleep (-0.002 [0.003, -0.001]), and 
LPA (-0.002 [-0.003, 0.000]) to MVPA were associated 
with reductions in FI. 

A 30-minute shift from sedentary behavior to LPA was 
associated with lower odds of frailty (OR: 0.942 [0.931, 
0.954]). Additionally, a 30-minute shift to of time from 
sedentary behavior (0.701 [0.687, 0.715]), sleep (OR 
0.765 [0.747, 0.784]), or LPA (0.745 [0.725, 0.766]) 
to MVPA was associated with lower odds of frailty. 

Discussion

Our study used compositional isotemporal substitution 
to estimate the effect of shifting time spent in various 
behaviors to either LPA or MVPA on the frailty index. Overall, 
frail individuals spent a greater amount of time in sedentary 
behavior and lower amounts of time engaging in physical 
activity, which is consistent with other studies10,11,33. Our 
results show that shifting time from sedentary behavior to 
LPA; or from either sleep, sedentary behavior, or LPA to 
MVPA behaviors is associated with lower FI scores. Shifting 
time from sedentary time to MVPA was associated with a 
greater reduction in FI than a shift to LPA. Finally, we found 
that these same shifts were associated with a lower odds of 
frailty among older adults. These results are consistent with 
other studies that have used the isotemporal substitution 
approach18–21. 

A study by Godin et al.18 found that a replacement of one 
hour of sedentary time with an equivalent amount of LPA 
was associated with a 0.02 [-0.02, -0.01] reduction of FI, 
and replacing that time with MVPA was associated with a 
0.04 [-0.06, -0.03] reduction. Furthermore, replacing 
sedentary time with 113 minutes of LPA, or 41 minutes of 
MVPA, was associated with a clinically meaningful change 
in frailty. These results contrast somewhat with the results 
of our study. Despite finding that shifting 30-minutes 
a day from sedentary behavior to either LPA and MVPA, 
or shifting an equivalent time from sleep to MVPA, were 
associated with a reduction in FI; clinically relevant changes 
were only seen after replacing 311 minutes of sedentary 
time with LPA, or 79 minutes of MVPA. Additionally, 
analyses stratified by frailty severity showed pre-frail 
or frail individuals had a greater benefit of shifting time 
spent in behaviors. Other studies examining the effect of 
time-use on frailty have found that shifting 30-minutes 
of activity from sedentary behavior to MVPA has been 
associated with less frailty, as assessed using the Fried 
phenotype and frailty trait scale, as well as better physical 
functioning in community dwelling older adults19,20. There 
may also be benefits of lower-intensity physical activity 
on frailty. Nagai et. al found that shifting 30-minutes of 
sedentary time for LPA was associated with a 14% lower 
odds of frailty (OR: 0.86 [0.80–0.92]), but there was not a 
significant difference for a similar shift to MVPA21. Whereas 
our study found an approximate 6% decrease in odds 
with a shift to LPA and a 30% lower odds with a shift to 

MVPA. The differences between these estimates are likely 
impacted by the differences in baseline compositions of 
behaviors across the levels of frailty severity in each study. 
Participants in our study spent much less time in LPA and 
MVPA and more time in sedentary behavior and had a much 
higher prevalence of frailty.

There are mixed opinions on the health benefits of LPA, 
which have been largely understudied. Our study found 
that shifting time from sedentary behavior to either LPA or 
MVPA was associated with lower FI, but the effect was higher 
when shifting the time to MVPA. This supports findings 
from the English Longitudinal Study of Aging that LPA may 
be insufficient to slow the progression of frailty among 
non-frail adults and that vigorous intensity physical activity 
has the greatest impact on improving frailty progression34. 
Additionally, moderate intensity physical activity showed 
benefit in frailty trajectories among those over the age of 
6534. The finding that higher-intensity activity is beneficial 
for improving health has been well-established. However, 
light intensity physical activity may still be beneficial for 
individuals, and time spent in LPA has been associated 
with better balance, flexibility, and lower limb muscle 
strength19,21,35. More importantly, it may present an 
achievable means of incorporating more activity into the 
day of older frail individuals, or those with comorbidities or 
other health conditions, who may be unable to safely reach 
higher intensities of physical activity.

Canada was the first country to release guidelines 
for adults regarding movement behaviors in the context 
of the 24-hour day36. In addition to their guidelines 
regarding sleep, sedentary, and movement behaviors, 
they recommended that sedentary behavior be replaced 
with additional physical activity, and that replacing LPA 
with MVPA may provide greater health benefits. This 
finding is consistent with our study, where we found that 
although shifting time to LPA from sedentary behavior 
was associated with small reductions in FI, the largest 
differences were associated with shifts to MVPA. However, 
there remains uncertainty on the best way to shift time 
spent on behaviors and how to break up sedentary time. It 
has been established that any physical activity throughout 
the day provides health benefits, regardless of whether 
it is a part of intentional bouts of exercise37,38. As such, 
exercise snacks, brief intermittent bouts of activity spread 
throughout the day, have emerged as a convenient way to 
incorporate more activity into one’s day39. Exercise snacks 
are beneficial in improving measures of frailty, including 
lower extremity strength and balance, among pre-frail older 
adults40,41.

It is plausible that part of our findings may be 
attributed to the misclassification of time spent in light 
versus higher intensity activity. Estimates of time spent 
in sedentary behavior and total sleep time are reliable 
using Fitbit devices, while MVPA in free living settings is 
often underestimated by up to 30-50%42–47. Additionally, 
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there are mixed results for the accuracy of Fitbit monitors 
on heart rate variability. Heart rate variability has also 
been found to be underestimated by Fitbit devices in free-
living settings, and the accuracy may be diminished when 
performing MVPA when compared to sedentary time or 
LPA44,48. Additionally, it has been proposed that special 
populations, including older adults or those with functional 
limitations, should have activity assessed using different 
cutpoints than the general population49,50. Differences 
in gait, the use of walking assists, or even differences in 
baseline relative fitness levels could lead to differences in 
relative intensity and energy expenditure despite devices 
measuring the same absolute amount of work. Due to 
the proprietary nature of the algorithms utilized by Fitbit 
devices in assessing physical activity intensities, we are 
unable to determine if time may have been misclassified, 
which could also influence our results.

Our study is strengthened both by the large sample 
size of free-living adults and the inclusion of one month of 
real-world behavioral activity data. This extended length 
of time allows for the analysis to be more representative 
of normal activity behaviors and less prone to fluctuations 
in behaviors in a shorter period. The use of a frailty index 
is also a strength of this study as this approach has been 
shown to better distinguish frailty severity51. However, it 
also has limitations. It has been noted that Fitbit devices 
lack the precision and accuracy of research-grade 
accelerometry, however, they outperform many other 
commercially available devices52. Additionally, the “bring 
your own device” model of collecting physical activity 
data in AoURP results in a largely self-selected sample of 
participants who already owned a Fitbit and also consented 
to share their data. As a result, our population is more 
homogeneous than the overall AoURP cohort, consisting of 
a majority of participants who are white and female, which 
affects the generalizability of our results. There have been 
efforts to expand this population to include more historically 
understudied populations by providing Fitbit devices to 
those who do not own one, such as in the WEAR study53. 
An additional limitation is the cross-sectional nature of the 
analysis. As such, there remains the possibility of reverse 
causality where frailty status plays a role in the amount of 
physical activity one engages in and vice versa. 

In conclusion, our study suggests that shifting time from 
sedentary behavior to physical activity is associated with 
lower levels, and lower odds, of frailty, and that shifting 
time to MVPA may have a greater benefit to frailty than 
LPA. Further work is still needed to identify optimal time 
use compositions to minimize frailty in older adults. 
Additionally, further work is needed to identify interventions 
that may be useful to shift behaviors and increase the 
amount of activity this population engages in.
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