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between physical activity and
sedentary time with functional
disability in older adults with or
without frailty: a prospective
cohort study

Satoshi Seino™, Takumi Abe?, Yu Nofuji!, Toshiki Hata?,
Shoji Shinkai'?, Akihiko Kitamura®* and Yoshinori Fujiwara®

!Research Team for Social Participation and Healthy Aging, Tokyo Metropolitan Institute for Geriatrics
and Gerontology, Itabashi, Tokyo, Japan, 2The Tokyo Metropolitan Support Center for Preventative
Long-term and Frail Elderly Care, Tokyo Metropolitan Institute for Geriatrics and Gerontology,
Itabashi, Tokyo, Japan, *Department of Nutrition Sciences, Kagawa Nutrition University, Sakado,
Saitama, Japan, “Health Town Development Science Center, Yao City Public Health Center, Yao City,
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Purpose: Evidence regarding the dose-response curve shapes of physical
activity (PA) and sedentary time (ST) in older adults with functional disability
(FD) is extremely limited. Moreover, these associations may differ depending
on with/without frailty. We examined the dose—-response associations between
moderate-to-vigorous PA (MVPA) and ST with FD among older adults with/
without frailty.

Methods: We included 7,480 initially nondisabled adults (3,795 men and 3,685
women) aged 65-84years in Ota City, Tokyo, Japan. MVPA and ST were
evaluated using the International Physical Activity Questionnaire-Short Form. FD
was prospectively identified using a nationally unified database of the long-term
care insurance system. Frailty was determined using Check-List 15, validated
against Fried's frailty criteria. Multivariate-adjusted hazard ratios (HRs) and 95%
confidence intervals (Cls) of MVPA and ST for FD were calculated, and dose—
response curves were examined using restricted cubic splines.

Results: During 3.6 years of follow-up, 1,001 (13.4%) participants had FD. Among
all participants, compared with no MVPA, the HRs for FD reduced linearly up
to approximately 2000 metabolic equivalents (METs)*min/week of MVPA, and
the lowest HR (HR: 0.61, 95% CI. 0.51-0.74) was reached at around 3,000—
4,000 METs*min/week. Although the shape of this association was consistent
regardless of with/without frailty, the magnitude of the association tended to
be stronger in frail older adults than in non-frail older adults. Compared with
those for the median (300 min/day) of ST, the HRs for FD increased linearly
as ST reached approximately 600 min/day or more, independent of MVPA,
with a maximum HR of 1.31 (95% Cl: 1.01-1.71) for 1,080 min/day among all
participants. This association was more pronounced among non-frail older
adults but not statistically significant among frail older adults.

Conclusion: Higher MVPA levels consistently reduced the incidence of FD
regardless of frailty in a significant inverse nonlinear dose—response manner.
A significant positive nonlinear dose—response association between ST and FD
risk was identified among non-frail older adults but not among frail older adults.
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Increasing MVPA and reducing prolonged ST are important for preventing FD
among non-frail older adults. However, reducing ST alone may be insufficient;
increasing MVPA, even if by only small increments, is highly recommended for

frail older adults.
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1 Introduction

Healthy aging, which involves developing and maintaining the
functional ability to enable well-being in older age (1), is becoming
increasingly important with the aging of the global population (2).
Functional ability encompasses various aspects of a persons
capabilities, including meeting basic needs, learning, decision-
making, mobility, relationships, and societal contributions (1). In a
rapidly aging society such as Japan, preventing functional disability
(FD) among older adults must be addressed from the perspectives of
individual well-being and social security costs.

Increased physical activity (PA) and decreased sedentary time
(ST) help prevent FD, noncommunicable diseases, all-cause
cardiovascular disease, and cancer mortality among older adults (3).
The 2020 World Health Organization PA and Sedentary Behavior
Guidelines Development Group mentioned the global PA agenda (e.g.,
the lack of evidence on the shape of the dose-response curve of PA
and/or ST with health outcomes) (4). After this event, the results of
several large-scale dose-response meta-analyses using cardiovascular
diseases (5-7), cancer (5, 7), and all-cause mortality (7, 8) as outcomes
have been reported. Recently, an umbrella review of dose-response
analyses of PA with all-cause mortality in older adults was also
reported (9).

However, there are still some issues that need to be addressed.
First, evidence of the shape of the dose-response curve of PA and/or
ST with incident FD among older adults remains extremely limited.
To our knowledge, only one study each of PA (10) and ST (11) has
examined the dose-response association with FD. Chen et al. (10)
reported that accelerometer-assessed moderate-to-vigorous PA
(MVPA), regardless of accumulation patterns, or light PA (LPA) in
bouts of <10 min, was significantly associated with a lower risk of FD
in a linear dose-response manner. They also reported that although a
higher total ST was significantly associated with an increased risk of
FD, this association was not independent of MVPA (11). Secondly, the
shape of the dose-response curve for PA and/or ST with incident FD
may differ between individuals with and without frailty, which is a
geriatric syndrome associated with increased risks of FD and mortality
(12). A previous study (13) indicated that among non-frail older
adults, the daily step count at which the risk of mortality plateaued
was approximately 5,000-7,000 steps per day, whereas in frail older
adults, the daily step count showed an inverse association with
mortality at approximately 5,000 steps or more per day. In frail older
adults, higher PA and less ST may have a greater impact on reducing
the risk of FD than in non-frail older adults. As the prevalence of
frailty increases and the health status of older populations becomes
more diverse with aging (1), it is important to examine the threshold
of PA/ST at which FD risk is reduced or increased, as well as the
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potential benefits of high-volume PA for individuals with and without
frailty. If increased MVPA and/or reduced ST consistently decrease
the risk of FD in a dose-response manner, even among frail older
adults, this knowledge would be valuable in addressing frailty in
old age.

Therefore, our study aimed to investigate the dose-response
relationship between MVPA and ST with incident FD among older
adults, taking into account the presence or absence of frailty.

2 Materials and methods
2.1 Study participants

This prospective study utilized data from a community-wide
intervention study aimed at preventing frailty, which was initiated in
Ota City, Tokyo, Japan in 2016 (14, 15). A previous report (14) has
detailed the study design and participant characteristics. Briefly,
15,500 residents aged 65-84 years who were not certified as needing
long-term care insurance (LTCI) (i.e., FD) (16, 17) as of June 1, 2016,
were randomly selected from all 18 administrative districts of Ota city,
stratified by age group (65-74 and 75-84 years) and sex (14).

A self-administered questionnaire survey was administered
between July and August 2016. Of the 15,500 questionnaires
distributed, 11,921 were returned (response rate: 76.9%). Finally, 7,480
questionnaires (3,795 men and 3,685 women) were included in this
analysis according to the exclusion criteria shown in Figure 1.

The Ethical Committee of the Tokyo Metropolitan Institute for
Geriatrics and Gerontology approved this study on June 1, 2016
(reference number: 8). All participants were informed that their
participation in this study was voluntary, and they provided
informed consent.

2.2 Measurements

2.2.1PAand ST

We used the Japanese version of the International Physical
Activity Questionnaire-Short Form (IPAQ-SF) (18, 19) to evaluate the
level of MVPA and ST. We assessed the time participants spent
engaging in at least 10 min of vigorous-intensity physical activity
(VPA), moderate-intensity physical activity (MPA), and walking
during a typical week, as well as their usual weekday ST, excluding the
time spent sleeping. Data cleaning and analysis were performed in
compliance with the guidelines of the IPAQ-SF for data processing
and analysis (20). According to the guidelines, PA intensities of 3.3,
4.0, and 8.0 metabolic equivalents (METs) were assigned for walking,
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City, Tokyo, as of June 1, 2016
n=15,500

Eligible population
Non-disabled residents aged 65-84 years selected using
stratified and random sampling of all 18 districts of Ota

A 4

n=11,921

Persons returning questionnaires

(response rate: 76.9%)

Exclusions

v

A 4

Persons not actually living in the city
n=179)

Persons admitted to hospitals or
residing in nursing homes (n = 66)
Questionnaires mostly or completely
blank (n=38)

Identification label not present on
questionnaires (n = 19)
Questionnaires completed by someone
other than the participant (n = 22)
Previously LTCI certified (n = 230)
Data missing for at least 1 IPAQ-SF
item (n = 3,543) or the Check-List 15
(n=444)

n=7,480

Study population

(3,795 men, 3,685 women)

Median follow-up
(interquartile range):
3.6 (3.6-3.6) years

}

\ 4

Without incident FD
n=6,479
(3,264 men, 3,215 women)

(531 men, 470 women)

Incident FD
n=1,001

FIGURE 1

Flow diagram of the study participants. IPAQ-SF = International Physical Activity Questionnaire-Short Form.

MPA, and VPA, respectively (20). Responses at 0 min were treated as
missing values in the ST analysis (21). Additionally, all instances of ST
exceeding 1,080 min (18h) per day were replaced with 1,080 min of
ST (21). The total MVPA was classified as low (<600 METs*min/week;
i.e., equivalent to <150 min/week of MPA), moderate (600-3,000
METs*min/week; i.e., equivalent to 150-750 min/week of MPA), and
high (>3,000 METs*min/week; i.e., equivalent to >750 min/week of
MPA), in compliance with previous studies (21, 22). The STs were
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classified as <180, 180-299, 300-479, and > 480 min/day, based on
previous studies (21, 23) and the median (300 min/day) in this study.

2.2.2 Frailty

Frailty status was defined as a score of >4 on the Check-List 15
(original name: Kaigo-Yobo Checklist) (24, 25), a questionnaire
validated against Fried’s frailty criteria (26). Check-List 15 is strongly
correlated with the Frailty Index (27), a significant predictor of FD
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and/or mortality, and is compatible with the Frailty Index for
predicting risk (25).

2.2.3FD

Participants’ FDs were identified using the mandatory database of
the Japanese LTCI system, into which all adults aged 40 and above are
enrolled. The system is responsible for providing formal care and
support to Japanese adults aged 65 years and above with physical and
mental disabilities (16, 17). The LTCI certification process is based on
a multistep evaluation that adheres to nationally established standards
(16). Briefly, upon the request of an older adult, his/her family, or
caregiver, a trained local government official visits the home to assess
the applicant’s long-term care needs using a nationally standardized
questionnaire consisting of 74 items regarding current physical and
mental status. The applicant’s attending physician or a physician
designated by the local government prepares a written opinion (28,
29) according to a standardized physician manual for the LTCI. Next,
a standardized computer-based system makes a first judgment based
on this information. Ultimately, the final decision regarding
certification is made by the Municipal Certification Committee, based
on the results of the first judgment and special notes. The committee
classifies care needs into seven levels (support level: 1-2; care level:
1-5; care level 5 indicates the most severe FD) (16).

FD was defined as the occurrence of long-term care needs at
support level 1 or above (10), using the date of the LTCI application
as the date of the FD incident. Since the novel coronavirus disease
pandemic caused new LTCI application deferrals among older adults
in this cohort (30), we set January 31, 2020, before the impact of the
pandemic, as the endpoint.

2.2.4 Covariates

We considered covariates based on previous studies that examined
the relationship between PA, ST, and FD (10, 11, 31) in addition to
socioeconomic status. The covariates were age, sex, district, living with
others or alone, marital status (married, widowed, divorced, or never
married), education (junior high school, high school, or junior
college/vocational ~ college/college/graduate  school graduate),
equivalent income (<2.0, 2.0-3.99, >4.0 million yen, or unknown)
(32), body mass index (BMI) (<18.5, 18.5-24.9, or > 25kg/m?), self-
rated medical conditions (hypertension, dyslipidemia, heart disease,
stroke, diabetes mellitus, and cancer), alcohol drinking and tobacco
smoking statuses (current, never, or former), lower back pain, and

knee pain (presence or absence).

2.2.5 Statistical analyses

Data were analyzed using Stata 18.0 (StataCorp, College Station,
TX, USA). An « of 0.05 indicated statistical significance. The baseline
characteristics of the study population were compared between those
with and without incident FD using the unpaired t-test, Mann-
Whitney U test, or chi-square test.

We used Cox proportional hazards models for our primary analysis
with FD as the dependent variable and MVPA or ST categories as
independent variables. The person-years of follow-up were calculated
for each individual from July 1, 2016, until the occurrence of incident
FD (the date of the LTCI application), migration from Ota City, or the
end of the follow-up period (January 31, 2020), whichever came first.
Three analytical models were constructed. Model 1 was adjusted for age
and sex. Model 2 was additionally adjusted for district, living situation,
marital status, educational attainment, equivalent income, BMI,
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hypertension, dyslipidemia, heart disease, stroke, diabetes mellitus,
cancer, alcohol consumption, tobacco smoking status, lower back pain,
knee pain, and frailty. Model 3 was further adjusted for either MVPA
or ST according to the independent variables. To examine whether the
results varied according to sex, we examined the statistical interaction
for FD between the MVPA or ST categories and sex. In the primary
analysis, missing values for covariates were categorized as “missing”
and incorporated into the analytical model.

Furthermore, in Model 3, we analyzed the dose-response curves
of MVPA and ST with incident FD using restricted cubic splines
commands (i.e, “mkspline] “levelsof, and “xblc” in Stata).
We employed the Akaike information criterion (AIC) to select a
restricted cubic spline with three (10th, 50th, and 90th percentiles),
four (5th, 35th, 65th, and 95th percentiles), or five (5th, 27.5th, 50th,
72.5th, and 95th percentiles) knots, and chose the model with the
lowest AIC (33). We set the reference values of 0 METs*min/week or
median ST (300 min/day) for each model (21).

We performed a stratified analysis for participants with/without
frailty status using the same statistical methods except excluding
frailty from the covariates to examine whether the dose-response
association between MVPA and ST with FD differs depending on the
presence or absence of frailty. The statistical interaction between
MVPA or ST categories and frailty was also examined.

Two sensitivity analyses were conducted. First, to minimize
selection bias, we used Cox proportional hazards models with multiple
imputation by chained equations to impute missing values of
covariates. We analyzed the 20 imputed datasets independently and
combined the results for inference. Second, to reduce possible reverse
causation, we conducted reanalyzes using the same statistical
approaches after excluding individuals with incident FD during the
first year of follow-up.

3 Results

Of the 7,480 people whose FD status could be confirmed during
3.6years of follow-up (follow-up rate of 99.99%), 1,001 individuals
(13.4%; 531 men and 470 women) had FD. Of them, 281 (28.1%; 161
men [30.3%] and 120 women [25.5%]) were diagnosed with FD
during the first year. The incidence of FD per 1,000 person-years
was 40.7.

Table 1 provides the baseline characteristics of the study
population according to FD status. The medians (interquartile ranges)
were 0 (0-75) min/week for VPA, 0 (0-120) min/week for MPA, 300
(120-600) min/week for walking time, 1,485 (594-3,336) METs*min/
week for MVPA, and 300 (180-480) min/day for ST. Compared to
people without incident FD, those with FD had significantly lower
MVPA, educational attainment, equivalent income, prevalence of
dyslipidemia, and both lower and higher BMIs. Additionally, they
were significantly older, more likely to live alone, less likely to
be married, and less likely to be current drinkers. They also had longer
ST and a higher prevalence of hypertension, heart disease, stroke,
diabetes mellitus, cancer, lower back pain, knee pain, and frailty. No
significant group differences were observed in terms of sex or smoking
status. The baseline characteristics of the study population with and
without frailty according to FD status are shown in
Supplementary Tables 1, 2. Supplementary Table 3 shows the baseline
characteristics of the 7,480 participants included in the analysis and

the 3,987 participants excluded from the analysis. The incidence rate
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TABLE 1 Baseline characteristics of the study population according to FD status.

All Without incident FD Incident FD
(n=7,480) (n=6,479) (n=1,001)
VPA (min/wk),
0 (0-75) 0 (0-90) 0 (0-20) <0.001
median (interquartile range)
MPA (min/wk),
0 (0-120) 0 (0-120) 0 (0-50) <0.001
median (interquartile range)
Walking time (min/wk),
300 (120-600) 300 (180-480) 210 (60-420) <0.001
median (interquartile range)
MVPA (METs-min/wk),
1,485 (594-3,336) 1,584 (678-3,465) 1,040 (297-2,708) <0.001
median (interquartile range)
Low (<600 METs-min/wk), n
1921 (25.7) 1,536 (23.7) 385 (38.5)
(%)
Moderate (600-3,000
3,512 (47.0) 3,100 (47.9) 412 (41.2) <0.001
METs-min/wk), n (%)
High (>3,000 METs-min/wk), n
2047 (27.4) 1843 (28.5) 204 (20.4)
(%)
ST (min/day),
300 (180-480) 300 (180-480) 360 (210-590) <0.001
median (interquartile range)
<180, n (%) 1,306 (17.5) 1,160 (17.9) 146 (14.6)
180-299, 1 (%) 1788 (23.9) 1,584 (24.5) 204 (20.4)
<0.001
300-479, n (%) 2070 (27.7) 1801 (27.8) 269 (26.9)
>480, n (%) 2,316 (31.0) 1934 (29.9) 382 (38.2)
Age (years), mean (SD) 73.7 (5.5) 73.1 (5.3) 77.3 (4.9) <0.001
Sex (men), 1 (%) 3,795 (50.7) 3,264 (50.4) 531 (53.1) 0.116
Living alone, 7 (%) 1,491 (19.9) 1,261 (19.5) 230 (23.0) 0.026
Marital status, 1 (%) <0.001
Married 5,091 (68.1) 4,451 (68.7) 640 (63.9)
Widowed or divorced 1733 (23.2) 1,447 (22.3) 286 (28.6)
Never married 576 (7.7) 518 (8.0) 58 (5.8)
Education, n (%) <0.001
Junior high school graduation 1,562 (20.9) 1,290 (19.9) 272 (27.2)
High school graduation 2,824 (37.8) 2,457 (37.9) 367 (36.7)
Junior college/vocational college/
college/graduate school 2,909 (38.9) 2,582 (39.9) 327 (32.7)
graduation
Other/missing 185 (2.5) 150 (2.3) 35 (3.5)
Equivalent income, 1 (%) <0.001
<2.0 million yen 1,202 (16.1) 999 (15.4) 203 (20.3)
2.0-3.99 million yen 2,633 (35.2) 2,232 (34.5) 401 (40.1)
>4.0 million yen 2,277 (30.4) 2020 (31.2) 257 (25.7)
Unknown/missing 1,368 (18.3) 1,228 (19.0) 140 (14.0)
BMI (kg/m?), mean (SD) 227 3.1 227 3.1 226 (3.5) 0.038
<18.5,n (%) 586 (7.8) 468 (7.2) 118 (11.8)
18.5-24.9, n (%) 5,278 (70.6) 4,626 (71.4) 652 (65.1) <0.001
>25,n (%) 1,578 (21.1) 1,357 (20.9) 221 (22.1)
Hypertension, 7 (%) 3,941 (52.7) 3,359 (51.8) 582 (58.1) <0.001
Dyslipidemia, 1 (%) 3,125 (41.8) 2,745 (42.4) 380 (38.0) <0.001
(Continued)
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TABLE 1 (Continued)

All Without incident FD Incident FD
(n=7,480) (n=6,479) (n=1,001)

Heart disease, 1 (%) 1,652 (22.1) 1,354 (20.9) 298 (29.8) <0.001
Stroke, n (%) 516 (6.9) 402 (6.2) 114 (11.4) <0.001
Diabetes mellitus, 1 (%) 1,315 (17.6) 1,094 (16.9) 221 (22.1) <0.001
Cancer, n (%) 1,198 (16.0) 974 (15.0) 224 (22.4) <0.001
Alcohol drinking status (current), 4,288 (57.3) 3,798 (58.6) 490 (49.0) <0.001
n (%)

Smoking status (current), n (%) 958 (12.8) 831 (12.8) 127 (12.7) 0.288
Lower back pain, n (%) 2,799 (37.4) 2,334 (36.0) 465 (46.5) <0.001
Knee pain, n (%) 2,244 (30.0) 1859 (28.7) 385 (38.5) <0.001
Frailty, n (%) 1737 (23.2) 1,290 (19.9) 447 (44.7) <0.001

BMI =body mass index; FD = functional disability; METs = metabolic equivalents; MPA = moderate physical activity; MVPA = moderate-to-vigorous physical activity; SD = standard deviation;

ST =sedentary time; VPA =vigorous physical activity.

of FD was significantly higher in people excluded from analysis
(20.1%) than in those included in the analysis (13.4%).

Table 2 shows multivariate-adjusted hazards ratio (HRs) and 95%
confidence intervals (CIs) of MVPA and ST for incidence of
FD. Among all participants, the moderate (HR: 0.75, 95% CI: 0.65—
0.86) and high (HR: 0.68, 95% CI: 0.57-0.82) MVPA groups
experienced significantly and gradually reduced incidence of FD
compared to the low MVPA group, even in the Model 3 (p <0.001 for
trend). Although the statistical significance of the dose-response
relationship between ST and FD became marginal when adjusted for
frailty in Model 2 (p=0.073), it completely disappeared when adjusted
for MVPA in Model 3 (p=0.149). The statistical significance of MVPA
and ST for incidence of FD among those with/without frailty was
similar to those for all participants, although the HR for FD in the
high MVPA group was slightly attenuated among non-frail older
adults. These results of associations of MVPA and ST with incidence
of FD were did not vary by sex (p for interactions >0.122) and
presence or absence of frailty (p for interactions >0.075). The results
of the Cox proportional hazards model, in which missing covariates
were compensated for by multiple imputation, were almost the same
as those of the primary analysis (Supplementary Table 4). Moreover,
the analysis results that excluded the incidence of FD during the first
year of follow-up did not substantially differ from those of the primary
analyses (Supplementary Table 5).

Figure 2 displays the dose-response curves of MVPA with FD in
the fully adjusted model. Three knots were adopted for all restricted
spline curves. Among all participants, compared to no MVPA (the
reference), the HRs for FD decreased linearly up to approximately
2000 METs*min/week of MVPA, and the lowest HRs (HR: 0.61, 95%
CI: 0.51-0.74) was reached at around 3,000-4,000 METs*min/week
(Figure 2A). These lower HRs became modest above that MVPA, and
the results indicated increased uncertainty, as evidenced by the wide
95% Cls at MVPA levels of approximately >11,000 METs=min/week.
Among non-frail older adults, although the shape of the dose-
response curve was similar to the results for all participants, the
strength of the association tended to be attenuated (e.g., the lowest
HR: 0.73,95% CI: 0.56-0.95 at around 3,500-4,500 METs*min/week)
(Figure 2B). Among frail older adults, the HRs for FD reduced more
steeply and linearly up to approximately 1,500 METs*min/week of

Frontiers in Public Health

06

MVPA, and the lowest HRs (HR: 0.50, 95% CI: 0.38-0.65) were
reached at around 2,500-3,000 METs=min/week (Figure 2C). The
results of the sensitivity analyses showed that although the strength of
any association weakened, the shapes of the dose-response curves
remained unchanged compared to those of the primary analyses
(Supplementary Figure 1).

Figure 3 displays the dose-response curves of ST with FD in the
fully adjusted model. Three knots were adopted for all restricted spline
curves. Among all participants, compared with 300 min/day of ST, the
HRs for FD increased linearly as ST reached approximately 600 min/
day or more, with a maximum HR of 1.31 (95% CI: 1.01-1.71) for
1,080 min/day (Figure 3A). This trend was particularly pronounced
among non-frail older adults, with a maximum HR of 1.47 (95% CI:
1.02-2.12) for 1,080 min/day (Figure 3B). Among frail older adults,
although a trend toward a linear association between ST and FD was
observed, the association was not statistically significant (Figure 3C).
The sensitivity analysis results showed that the shapes of the dose-
response curves were not substantially different from those of the
primary analyses (Supplementary Figure 2).

4 Discussion

Regarding MVPA, a consistent, nonlinear, and significant inverse
dose-response association was identified for FD risk, regardless of
frailty status. The association between MVPA and FD tended to
be stronger in frail older adults than in non-frail older adults, and a
slight increase in MVPA (up to approximately 1,500 METs*min/week)
substantially decreased HR for FD even in frail older adults. Regarding
ST, a significant nonlinear positive dose-response association was
confirmed with FD risk among non-frail older adults. The HR for FD
increased significantly at approximately 600min/day or more
compared to that at 300 min/day. However, no significant dose—
response association between ST and FD was observed among frail
older adults.

Previous large-scale studies examining dose-response
relationships between PA and health outcomes suggested that even a
small increase in PA among physically inactive individuals reduced

the risk of cardiovascular disease, cancer, and mortality (5-8, 22, 34,
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TABLE 2 Multivariate-adjusted HRs and 95% Cls of MVPA and ST for incident FD.

Variables Number of events Incidence rate Model 1
(95% ClI)

per participants per 1,000 PY

All participants (n =7,480)

Model 2
(95% CI)

Model 3
(95% CI)

MVPA
Low (<600 METs-min/wk) 385/1921 64.2 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.)
Moderate (600-3,000 METs-min/wk) 412/3512 35.1 0.59 (0.51-0.68) <0.001 0.74 (0.64-0.85) <0.001 0.75 (0.65-0.86) <0.001
High (>3,000 METs-min/wk) 204/2047 29.7 0.52 (0.44-0.62) <0.001 0.68 (0.57-0.81) <0.001 0.68 (0.57-0.82) <0.001
1001/7480 40.7 Trend <0.001 Trend <0.001 <0.001 <0.001
ST
<180 min/day 146/1306 338 1.00 (Ref) 1.00 (Ref) 1.00 (Ref.)
180-299 min/day 204/1788 34.2 0.95 (0.77-1.18) 0.660 0.93 (0.75-1.16) 0.531 0.93 (0.75-1.15) 0.518
300-479 min/day 269/2070 39.5 1.03 (0.84-1.26) 0.789 0.97 (0.79-1.19) 0.786 0.96 (0.78-1.17) 0.669
>480 min/day 382/2316 50.9 1.25 (1.03-1.51) 0.024 1.13 (0.93-1.37) 0.219 1.10 (0.90-1.33) 0.351
1001/7480 40.7 Trend 0.003 Trend 0.073 Trend 0.149
Non-frail (n =5,743)
MVPA
Low (<600 METs-min/wk) 146/1108 40.0 1.00 (Ref.) 1.00 (Ref.) 1.00 (Ref.)
Moderate (600-3000METs-min/wk) 250/2859 25.6 0.67 (0.54-0.82) <0.001 0.70 (0.57-0.87) 0.001 0.71 (0.57-0.87) 0.001
High (>3,000 METs-min/wk) 158/1776 26.3 0.72 (0.57-0.90) 0.004 0.76 (0.61-0.96) 0.020 0.77 (0.61-0.97) 0.026
554/5743 28.5 Trend 0.008 Trend 0.032 Trend 0.037
ST
<180 min/day 87/1044 247 1.00 (Ref) 1.00 (Ref) 1.00 (Ref.)
180-299 min/day 129/1435 26.4 0.99 (0.75-1.30) 0.922 0.94 (0.72-1.24) 0.673 0.93 (0.71-1.23) 0.610
300-479 min/day 146/1597 27.0 0.95 (0.73-1.24) 0.720 0.91 (0.70-1.20) 0.512 0.91 (0.69-1.19) 0.469
>480 min/day 192/1667 34.3 1.14 (0.89-1.47) 0.304 1.10 (0.85-1.43) 0.459 1.07 (0.83-1.39) 0.591
554/5743 28.5 Trend 0.241 Trend 0.329 Trend 0.402
Frail (n =1737)
MVPA
Low (<600 METs-min/wk) 239/813 101.8 1.00 (Ref) 1.00 (Ref.) 1.00 (Ref.)
Moderate (600-3000METs-min/wk) 162/653 81.5 0.81 (0.67-0.99) 0.043 0.73 (0.60-0.90) 0.004 0.74 (0.60-0.91) 0.005
High (>3,000 METs-min/wk) 46/271 53.5 0.55 (0.40-0.76) <0.001 0.50 (0.36-0.69) <0.001 0.51 (0.37-0.71) <0.001
447/1737 86.0 Trend <0.001 Trend <0.001 Trend <0.001

(Continued)
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£ 35). For instance, a dose-response meta-analysis of eight studies
3 8 § n
S 852 e (36,383 participants) using accelerometry-measured PA showed that
=}
é individuals performing 20-30 min/day of MVPA had an approximately
I ! 60% risk reduction for all-cause mortality (35). Another dose—
o | n| o E]
o 22 g response meta-analysis of 94 cohorts (30 million participants)
Y | | | *
€ &8 5 2 :;f revealed that 75min/week of MPA (approximately 11 min/day)
= = =3
B Ez é significantly reduced the risk of mortality, cardiovascular disease, and
El cancer (7). Similar to the results of these studies (5-8, 22, 34, 35), the
=3 < el o <
21212z 2 only dose-response analysis with FD as an outcome showed that a
=]
=z higher MVPA, regardless of about of <10 or> 10 min, significantly
i; reduced the risk of FD (10). Our findings prove that these relationships
= § 2 g E are consistent, even in frail older adults.
S S S| o =
5 However, our finding is somewhat contrary to the results of a
g recent study (13). A 3.38-year cohort study that examined dose-
=S 2 response relationships between objectively measured daily steps and
~ = % = b
2173 £ mortality (13) reported that frail older adults may require more daily
- 2 g g = é ) steps to achieve an inverse association with mortality than non-frail
& g £ older adults. The daily steps of older adults include not only MVPA
% ) but also LPA of <3 METs (36). As slow walking speed is an important
g 3 g = £ g &P P
= = ;; é phenotype of frailty (26), the daily steps of frail older adults may
é il contain more LPA than those of non-frail older adults (e.g., slow
w
E £ walking [approximately 0.89m/s] is equivalent to 2.8 METs (37)).
&3 8 8 S :> Several Japanese cohort studies in older adults have reported that total
Rl Bl B _g 2 LPA is not significantly associated with a reduced risk of FD (10, 38).
% j Therefore, the study in question (13) may have concluded that frail
slsla e o older adults require more daily steps than non-frail ones to reduce the
3] =
g ? :I f‘ Ei & risk of mortality. It is essential to increase MVPA, even slightly, to
£ &
g E E § 3 § g reduce the risk of FD in frail older adults.
7T 2 - & Our results emphasize the significance of avoiding prolonged ST
= B a.
E E independent of MVPA among non-frail older adults, although this
o4 S = 8 P 5 . . . .
ac S 2 Sz é éb alone is insufficient to reduce the risk of FD among frail older adults.
) ] Previous studies (11, 39, 40) have reported mixed results regarding
9, 'q; < g whether the relationship between ST and disability is independent of
=3
E o s % 2 PA. One study (39) showed that the association between ST and
B 8 elwol <] wl|o ‘:;) 2 é mobility disability remained statistically significant, even after
c o © 3 5 208 = & = o . .
T o £ o = adjusting for PA, whereas two studies (11, 40) showed that the
o E 3 sy s . s sl e
2 g t,:: ;3 gz association between ST and functional limitations/FD was not
c k=t - . :
= % £ g £ statistically independent of MVPA, suggesting that decreased ST may
5 3 £ g be replaced by increased MVPA. This discrepancy in previous results
2w g ? ;; E may be partially explained by the presence or absence of frailty. The
StE z 23 significant positive dose-response association between ST and FD
> ® £ R . . N
([T} o~ g Z o among frail older adults completely disappeared after adjusting for
5 38 82 e g S &4
2 -§ § § T2 E g Si f MVPA, indicating that the association was not independent of MVPA
a0 E=1 = .8
28 N é E £ Ez in frail older adults. Previous studies reported that replacing 10 min of
g g @ g é s ST with MVPA led to a 12-13% reduction in FD risk, whereas
z 5 £+ replacing ST with LPA did not consistently reduce the risk of FD (11
= 22 placing ST wi id not consistently reduce the risk o (11,
k] =l
el E & i 41). Based on these and our results, reducing ST alone may
T S22 be insufficient to reduce the risk of FD; it is important to replace ST
= S 5 g
i~ g £33 with MVPA, but not LPA, especially in frail older adults.
3 ;% £EE FD risk did not significantly increase even at high levels of MVPA,
< s 8 =
$= L8 E regardless of frailty status. Although our dose-response curve between
22 % 2 A MVPA and FD risk showed an inverse J-shaped association, this may
§ o | s 2E .;7 = ; be attributed to reverse causation bias due to the short follow-up
< < e . = e
£ = 22 S & E <83 period (42, 43) and regression dilution bias due to measurement error
c . S £ £ 3 BTTES L E . . -
S = E E 3z 2295 7% 8 based on a single assessment at baseline (43). Individuals who have
~ g ; i i ; %E i g f :f é; pre-existing conditions that elevate their risk may become less active,
g & vV 2 2 X 33 23 & 8 which could result in an overestimation of the true inverse association,
= s S2E52:0 particularly between lower levels of MVPA and risk (42). Furthermore,
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FIGURE 2

Dose-response association between MVPA and FD. (A—C) shows the association between MVPA and FD among all participants (A), non-frail older
adults (B), and frail older adults (C), modeled by restricted cubic splines. MVPA and ST were mutually adjusted, as were baseline age, sex, district, living
situation, marital status, education, equivalent income, body mass index, hypertension, dyslipidemia, heart disease, stroke, diabetes mellitus, cancer,
alcohol drinking status, smoking status, lower back pain, knee pain, and frailty [in the stratified analyses (B,C), frailty was excluded from covariates]. The
reference value for MVPA was 0 METs*min/week. Solid lines indicate hazard ratios for FD. Dashed lines indicate 95% confidence intervals. FD =
functional disability; METs = metabolic equivalent; MVPA = moderate-to-vigorous physical activity; ST = sedentary time.
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FIGURE 3

Dose-response association between ST and FD. (A-C) shows the association between ST and FD among all participants (A), non-frail older adults (B),
and frail older adults (C), modeled by restricted cubic splines. ST and MVPA were mutually adjusted, as well as baseline age, sex, district, living situation,
marital status, education, equivalent income, body mass index, hypertension, dyslipidemia, heart disease, stroke, diabetes mellitus, cancer, alcohol
drinking status, smoking status, lower back pain, knee pain, and frailty (in the stratified analyses (B,C), frailty was excluded from covariates). The
reference value for the ST was 300 min/day. Solid lines indicate hazard ratios for FD. Dashed lines indicate 95% confidence intervals. FD = functional
disability; METs = metabolic equivalent; MVPA = moderate-to-vigorous physical activity; ST = sedentary time.

the association between a single measure of PA and health outcomes
is more likely to be inverse J-shaped or somewhat U-shaped compared
to repeated measures of PA (43). Therefore, the inverse J-shaped
association observed in this study may be due to bias rather than
actual biological effects. However, there are many unknown aspects
regarding the impact of high-volume PA, particularly in older adults
(9). Since the IPAQ-SF tends to overestimate PA compared to more
accurate objective devices (19), engaging in slightly lower MVPA than
the MVPA values obtained in this study may be safe and reasonable
for older adults.

This study had some limitations. First, the main limitation was
the cognitive bias caused by assessing MVPA and ST using the
IPAQ-SF. This bias overestimates MVPA and underestimates ST
(19, 44). The MVPA and ST values obtained in our study should
be interpreted considering these biases. Moreover, it should
be noted that the IPAQ-short questionnaire is unable to assess the

Frontiers in Public Health

levels of LPA. Thus, comparing the effects of LPA and ST on FD
remains a challenge to be addressed in future studies. Seconds, it
is important to address the issue of selection bias. In this study,
there was a notable concern regarding the incidence rate of FD
among the 3,987 individuals who had missing data on IPAQ-SF
and/or frailty. The incidence rate was found to be significantly
higher in this subgroup than in the participants who were included
in the analysis (as shown in Supplementary Table 3). Third, our
study focused solely on older adults residing in a metropolitan
area, which could potentially restrict generalization. Fourth, the
follow-up period in this study was relatively short. However,
follow-up after the endpoint set in our study was concerning
because the novel coronavirus disease pandemic significantly
reduced PA (45) and new LTCI applications (30). Therefore, this
was set as the minimum required follow-up period. Although
we conducted sensitivity analyses that excluded the occurrence of
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FDs during the first year, the possibility of reverse causation cannot
be entirely ruled out. Fifth, an older adult, his/her family member,
or caregiver must contact the municipal government to officially
certify their FDs (16). Therefore, some individuals with FDs may
not have reported themselves, leading to an underestimation of the
incidence of FD (detection bias). Finally, this study utilized data
from a community-wide intervention that included PA promotion
(15). Although the intervention did not have an impact on
population-level frailty at 2 years (15) or incident FD during the
present follow-up period (data not shown), walking time in the
intervention subgroup improved at the population-level (15).
MVPA was assessed only at baseline, and we were unable to
evaluate any changes in MVPA during the follow-up period. If
MVPA had increased more during the subsequent follow-up
period after 2 years, the association between MVPA and FD risk
shown in our study might have been underestimated.

Although our study has limitations, it is strengthened by the
inclusion of a large sample size of randomly recruited participants and
high follow-up rates. The findings of our study can aid in developing
future PA guidelines for older adults.

In conclusion, a significant inverse nonlinear dose-response
association between MVPA and FD risk was identified regardless of
frailty status. Even a slight increase in MVPA (up to approximately
2000 METs*min/week) led to a reduction in the FD risk, and this was
more pronounced among frail older adults. Although a significant
positive nonlinear dose-response association of ST with FD risk,
independent of MVPA, was identified among non-frail older adults,
this relationship was not significant among frail older adults. In
non-frail older adults, reducing prolonged ST and increasing MVPA
may be important for preventing FD. For frail older adults, to prevent
FD, it may be important to not only reduce ST but to replace it with
MVPA, even if by only small increments.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Ethics statement

The Ethical Committee of the Tokyo Metropolitan Institute for
Geriatrics and Gerontology approved this study on June 1, 2016
(reference number: 8). All participants were informed that their
participation in this study was voluntary, and they provided
informed consent.

References

1. World Health Organization. World report on ageing and health. (2015) Available at:
https://www.who.int/publications/i/item/9789241565042. Accessed December 1, 2023

2. Rudnicka E, Napierala P, Podfigurna A, Meczekalski B, Smolarczyk R, Grymowicz
M. The World Health Organization (WHO) approach to healthy ageing. Maturitas.
(2020) 139:6-11. doi: 10.1016/j.maturitas.2020.05.018

3. Bull FC, Al-Ansari SS, Biddle S, Borodulin K, Buman MP, Cardon G, et al. World
Health Organization 2020 guidelines on physical activity and sedentary behaviour. Br J
Sports Med. (2020) 54:1451-62. doi: 10.1136/bjsports-2020-102955

4. DiPietro L, Al-Ansari SS, Biddle SJH, Borodulin K, Bull FC, Buman MP, et al.
Advancing the global physical activity agenda: reccommendations for future research by

Frontiers in Public Health

10.3389/fpubh.2024.1357618

Author contributions

SSe: Writing - review & editing, Writing - original draft,

Supervision, Project administration, Investigation, Funding
acquisition, Formal analysis, Conceptualization. TA: Writing - review
& editing. YN: Writing — review & editing. TH: Writing — review &
editing, Investigation. SSh: Writing - review & editing, Supervision,
Project administration, Funding acquisition, Conceptualization. AK:
Writing - review & editing, Supervision, Project administration. YF:

Writing - review & editing, Supervision, Project administration.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study was
supported by grants from JSPS KAKENHI (grant numbers 19H03914
and 22H03363) and Ota City (no available numbers).

Acknowledgments

We would like to express our gratitude to the residents and staff
members of Ota City, as well as our collaborator, Izumi Tanaka.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpubh.2024.1357618/
full#supplementary-material

the 2020 WHO physical activity and sedentary behavior guidelines development group.
Int ] Behav Nutr Phys Act. (2020) 17:143. doi: 10.1186/s12966-020-01042-2

5. Ahmadi MN, Clare PJ, Katzmarzyk PT, Del Pozo CB, Lee IM, Stamatakis E.
Vigorous physical activity, incident heart disease, and cancer: how little is enough? Eur
Heart J. (2022) 43:4801-14. doi: 10.1093/eurheartj/ehac572

6. Paluch AE, Bajpai S, Ballin M, Bassett DR, Buford TW, Carnethon MR, et al.
Prospective association of daily steps with cardiovascular disease: a harmonized meta-
analysis. Circulation. (2023) 147:122-31. doi: 10.1161/CIRCULATIONAHA.122.061288

7. Garcia L, Pearce M, Abbas A, Mok A, Strain T, Ali S, et al. Non-occupational
physical activity and risk of cardiovascular disease, cancer and mortality outcomes: a

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1357618
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1357618/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1357618/full#supplementary-material
https://www.who.int/publications/i/item/9789241565042
https://doi.org/10.1016/j.maturitas.2020.05.018
https://doi.org/10.1136/bjsports-2020-102955
https://doi.org/10.1186/s12966-020-01042-2
https://doi.org/10.1093/eurheartj/ehac572
https://doi.org/10.1161/CIRCULATIONAHA.122.061288

Seino et al.

dose-response meta-analysis of large prospective studies. Br J Sports Med. (2023)
57:979-89. doi: 10.1136/bjsports-2022-105669

8. Paluch AE, Bajpai S, Bassett DR, Carnethon MR, Ekelund U, Evenson KR, et al.
Daily steps and all-cause mortality: a meta-analysis of 15 international cohorts. Lancet
Public Health. (2022) 7:¢219-28. doi: 10.1016/52468-2667(21)00302-9

9. Fukushima N, Kikuchi H, Sato H, Sasai H, Kiyohara K, Sawada SS, et al. Dose-
response relationship of physical activity with all-cause mortality among older adults:
an umbrella review. ] Am Med Dir Assoc. (2024) 25:417-30. doi: 10.1016/j.
jamda.2023.09.028

10. Chen T, Honda T, Chen S, Narazaki K, Kumagai S. Dose-response association
between accelerometer-assessed physical activity and incidence of functional disability
in older Japanese adults: a 6-year prospective study. ] Gerontol A Biol Sci Med Sci. (2020)
75:1763-70. doi: 10.1093/gerona/glaa046

11. Chen T, Chen S, Honda T, Kishimoto H, Nofuji Y, Narazaki K. Accelerometer-
measured sedentary behavior and risk of functional disability in older Japanese adults:
a 9-year prospective cohort study. Int ] Behav Nutr Phys Act. (2023) 20:91. doi: 10.1186/
512966-023-01490-6

12. Morley JE, Vellas B, van Kan GA, Anker SD, Bauer JM, Bernabei R, et al. Frailty
consensus: a call to action. ] Am Med Dir Assoc. (2013) 14:392-7. doi: 10.1016/j.
jamda.2013.03.022

13. Watanabe D, Yoshida T, Watanabe Y, Yamada Y, Miyachi M, Kimura M. Dose-
response relationships between objectively measured daily steps and mortality among
frail and nonfrail older adults. Med Sci Sports Exerc. (2023) 55:1044-53. doi: 10.1249/
MSS.0000000000003133

14. Seino S, Kitamura A, Tomine Y, Tanaka I, Nishi M, Nonaka K, et al. A community-
wide intervention trial for preventing and reducing frailty among older adults living in
metropolitan areas: design and baseline survey for a study integrating participatory
action research with a cluster trial. J Epidemiol. (2019) 29:73-81. doi: 10.2188/jea.
JE20170109

15. Seino S, Tomine Y, Nishi M, Hata T, Fujiwara Y, Shinkai S, et al. Effectiveness of a
community-wide intervention for population-level frailty and functional health in older
adults: a 2-year cluster nonrandomized controlled trial. Prev Med. (2021) 149:106620.
doi: 10.1016/j.ypmed.2021.106620

16. Tsutsui T, Muramatsu N. Care-needs certification in the long-term care insurance
system of Japan. J Am Geriatr Soc. (2005) 53:522-7. doi: 10.1111/j.1532-5415.2005.53175.x

17. Tsutsui T, Muramatsu N. Japan's universal long-term care system reform of 2005:
containing costs and realizing a vision. ] Am Geriatr Soc. (2007) 55:1458-63. doi:
10.1111/j.1532-5415.2007.01281.x

18. Craig CL, Marshall AL, Sjostrom M, Bauman AE, Booth ML, Ainsworth BE, et al.
International physical activity questionnaire: 12-country reliability and validity. Med Sci
Sports Exerc. (2003) 35:1381-95. doi: 10.1249/01.MSS.0000078924.61453.FB

19. Lee PH, Macfarlane DJ, Lam TH, Stewart SM. Validity of the international physical
activity questionnaire short form (IPAQ-SF): a systematic review. Int ] Behav Nutr Phys
Act. (2011) 8:115. doi: 10.1186/1479-5868-8-115

20. The TPAQ group. Guidelines for Data Processing and Analysis of the
Intternational Physical Activity Questionnaire (IPAQ)-Short and Long Forms.
(2005) Availablke at:https://docs.google.com/viewer?a=v&pid=sites&srcid=
ZGVmYXVsdGRvbWFpbnx0aGVpcGFxfGd40O;EONDgx
MDK3NDU1LYWRIZTM. Accessed December 1, 2023

21. Seino S, Abe T, Nofuji Y, Hata T, Shinkai S, Kitamura A, et al. Dose-response
associations of physical activity and sitting time with all-cause mortality in older
Japanese adults. J Epidemiol. (2024) 34:23-30. doi: 10.2188/jea.JE20220246

22. Lear SA, Hu W, Rangarajan S, Gasevic D, Leong D, Igbal R, et al. The effect of
physical activity on mortality and cardiovascular disease in 130 000 people from 17
high-income, middle-income, and low-income countries: the PURE study. Lancet.
(2017) 390:2643-54. doi: 10.1016/S0140-6736(17)31634-3

23. Inoue M, Iso H, Yamamoto S, Kurahashi N, Iwasaki M, Sasazuki S, et al. Daily total
physical activity level and premature death in men and women: results from a large-scale
population-based cohort study in Japan (JPHC study). Ann Epidemiol. (2008) 18:522-30.
doi: 10.1016/j.annepidem.2008.03.008

24. Shinkai S, Yoshida H, Taniguchi Y, Murayama H, Nishi M, Amano H, et al. Public
health approach to preventing frailty in the community and its effect on healthy aging
in Japan. Geriatr Gerontol Int. (2016) 16:87-97. doi: 10.1111/ggi.12726

25. Kojima G, Taniguchi Y, Kitamura A, Shinkai S. Are the Kihon checklist and the
Kaigo-yobo checklist compatible with the frailty index? J Am Med Dir Assoc. (2018)
19:€2:797-800.€2. doi: 10.1016/j.jamda.2018.05.012

26. Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J, et al. Frailty
in older adults: evidence for a phenotype. | Gerontol A Biol Sci Med Sci. (2001)
56:M146-57. doi: 10.1093/gerona/56.3.M146

Frontiers in Public Health

11

10.3389/fpubh.2024.1357618

27.Searle SD, Mitnitski A, Gahbauer EA, Gill TM, Rockwood K. A standard
procedure for creating a frailty index. BMC Geriatr. (2008) 8:24. doi:
10.1186/1471-2318-8-24

28. Moriyama Y, Tamiya N, Kamimura A, Sandoval F, Luptak M. Doctors' opinion
papers in long-term care need certification in Japan: comparison between clinic and
advanced treatment hospital setting. Public Policy Adm Res. (2014) 4:31-7.

29. Noda H, Yamagishi K, Ikeda A, Asada T, Iso H. Identification of dementia using
standard clinical assessments by primary care physicians in Japan. Geriatr Gerontol Int.
(2018) 18:738-44. doi: 10.1111/ggi.13243

30. Seino S, Shinkai S, Kitamura A, Nofuji Y, Yokoyama Y, Hata T, et al. Impact of the
first-fourth waves of the COVID-19 pandemic on new applications for long-term care
insurance in a metropolitan area of Japan. ] Epidemiol. (2022) 32:524-6. doi: 10.2188/
jea.JE20220084

31. Kurita S, Doi T, Tsutsumimoto K, Nakakubo S, Ishii H, Kiuchi Y, et al. Predictivity
of international physical activity questionnaire short form for 5-year incident disability
among Japanese older adults. J Phys Act Health. (2021) 18:1231-5. doi: 10.1123/
jpah.2021-0247

32. Organisation for Economic Co-operation and Development. Terms of reference.
OECD project on the distribution of household incomes (2017/18 collection). Available
at: http://www.oecd.org/els/soc/IDD-ToR.pdf. Accessed December, 1 2023.

33. Desquilbet L, Mariotti F. Dose-response analyses using restricted cubic spline
functions in public health research. Stat Med. (2010) 29:1037-57. doi: 10.1002/sim.3841

34. Arem H, Moore SC, Patel A, Hartge P, Berrington de Gonzalez A, Visvanathan K,
et al. Leisure time physical activity and mortality: a detailed pooled analysis of the dose-
response relationship. JAMA. Intern Med. (2015) 175:959-67. doi: 10.1001/
jamainternmed.2015.0533

35. Ekelund U, Tarp J, Steene-Johannessen J, Hansen BH, Jefferis B, Fagerland MW,
et al. Dose-response associations 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

36. Amagasa S, Fukushima N, Kikuchi H, Oka K, Chastin S, Tudor-Locke C, et al.
Older adults' daily step counts and time in sedentary behavior and different
intensities of physical activity. J Epidemiol. (2021) 31:350-5. doi: 10.2188/jea.
JE20200080

37. Ainsworth BE, Haskell WL, Herrmann SD, Meckes N, Bassett DR Jr, Tudor-
Locke C, et al. Compendium of physical activities: a second update of codes and
MET values. Med Sci Sports Exerc. (2011) 43:1575-81. doi: 10.1249/
MSS.0b013e31821ecel2

38. Makino K, Lee S, Lee S, Bae S, Jung S, Shinkai Y, et al. Daily physical activity and
functional disability incidence in community-dwelling older adults with chronic pain:
a prospective cohort study. Pain Med. (2019) 20:1702-10. doi: 10.1093/pm/pny263

39. Rillamas-Sun E, LaMonte MJ, Evenson KR, Thomson CA, Beresford SA, Coday
MG, et al. The influence of physical activity and sedentary behavior on living to age 85
years without disease and disability in older women. J Gerontol A Biol Sci Med Sci. (2018)
73:1525-31. doi: 10.1093/gerona/glx222

40. DiPietro L, Jin Y, Talegawkar S, Matthews CE. The joint associations of sedentary
time and physical activity with mobility disability in older people: the NTH-AARP diet
and health study. ] Gerontol A Biol Sci Med Sci. (2018) 73:532-8. doi: 10.1093/gerona/
glx122

41. Chiba I, Lee S, Bae S, Makino K, Shinkai Y, Katayama O, et al. Isotemporal
substitution of sedentary behavior with moderate to vigorous physical activity is
associated with lower risk of disability: a prospective longitudinal cohort study. Phys
Ther. (2022) 102:102. doi: 10.1093/ptj/pzac002

42. Strain T, Wijndaele K, Sharp SJ, Dempsey PC, Wareham N, Brage S. Impact of
follow-up time and analytical approaches to account for reverse causality on the
association between physical activity and health outcomes in UK biobank. Int J
Epidemiol. (2020) 49:162-72. doi: 10.1093/ije/dyz212

43. Lee DH, Rezende LEM, Ferrari G, Aune D, Keum N, Tabung FK, et al. Physical
activity and all-cause and cause-specific mortality: assessing the impact of reverse
causation and measurement error in two large prospective cohorts. Eur J Epidemiol.
(2021) 36:275-85. doi: 10.1007/s10654-020-00707-3

44. Copeland JL, Ashe MC, Biddle SJ, Brown WJ, Buman MP, Chastin S, et al.
Sedentary time in older adults: a critical review of measurement, associations with
health, and interventions. Br ] Sports Med. (2017) 51:1539. doi: 10.1136/
bjsports-2016-097210

45. Yamada M, Kimura Y, Ishiyama D, Otobe Y, Suzuki M, Koyama S, et al. The
influence of the COVID-19 pandemic on physical activity and new incidence of frailty
among initially non-frail older adults in Japan: a follow-up online survey. ] Nutr Health
Aging. (2021) 25:751-6. doi: 10.1007/s12603-021-1634-2

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1357618
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1136/bjsports-2022-105669
https://doi.org/10.1016/S2468-2667(21)00302-9
https://doi.org/10.1016/j.jamda.2023.09.028
https://doi.org/10.1016/j.jamda.2023.09.028
https://doi.org/10.1093/gerona/glaa046
https://doi.org/10.1186/s12966-023-01490-6
https://doi.org/10.1186/s12966-023-01490-6
https://doi.org/10.1016/j.jamda.2013.03.022
https://doi.org/10.1016/j.jamda.2013.03.022
https://doi.org/10.1249/MSS.0000000000003133
https://doi.org/10.1249/MSS.0000000000003133
https://doi.org/10.2188/jea.JE20170109
https://doi.org/10.2188/jea.JE20170109
https://doi.org/10.1016/j.ypmed.2021.106620
https://doi.org/10.1111/j.1532-5415.2005.53175.x
https://doi.org/10.1111/j.1532-5415.2007.01281.x
https://doi.org/10.1249/01.MSS.0000078924.61453.FB
https://doi.org/10.1186/1479-5868-8-115
https://docs.google.com/viewer?a=v&pid=sites&srcid=ZGVmYXVsdGRvbWFpbnx0aGVpcGFxfGd4OjE0NDgxMDk3NDU1YWRlZTM
https://docs.google.com/viewer?a=v&pid=sites&srcid=ZGVmYXVsdGRvbWFpbnx0aGVpcGFxfGd4OjE0NDgxMDk3NDU1YWRlZTM
https://docs.google.com/viewer?a=v&pid=sites&srcid=ZGVmYXVsdGRvbWFpbnx0aGVpcGFxfGd4OjE0NDgxMDk3NDU1YWRlZTM
https://doi.org/10.2188/jea.JE20220246
https://doi.org/10.1016/S0140-6736(17)31634-3
https://doi.org/10.1016/j.annepidem.2008.03.008
https://doi.org/10.1111/ggi.12726
https://doi.org/10.1016/j.jamda.2018.05.012
https://doi.org/10.1093/gerona/56.3.M146
https://doi.org/10.1186/1471-2318-8-24
https://doi.org/10.1111/ggi.13243
https://doi.org/10.2188/jea.JE20220084
https://doi.org/10.2188/jea.JE20220084
https://doi.org/10.1123/jpah.2021-0247
https://doi.org/10.1123/jpah.2021-0247
http://www.oecd.org/els/soc/IDD-ToR.pdf
https://doi.org/10.1002/sim.3841
https://doi.org/10.1001/jamainternmed.2015.0533
https://doi.org/10.1001/jamainternmed.2015.0533
https://doi.org/10.1136/bmj.l4570
https://doi.org/10.2188/jea.JE20200080
https://doi.org/10.2188/jea.JE20200080
https://doi.org/10.1249/MSS.0b013e31821ece12
https://doi.org/10.1249/MSS.0b013e31821ece12
https://doi.org/10.1093/pm/pny263
https://doi.org/10.1093/gerona/glx222
https://doi.org/10.1093/gerona/glx122
https://doi.org/10.1093/gerona/glx122
https://doi.org/10.1093/ptj/pzac002
https://doi.org/10.1093/ije/dyz212
https://doi.org/10.1007/s10654-020-00707-3
https://doi.org/10.1136/bjsports-2016-097210
https://doi.org/10.1136/bjsports-2016-097210
https://doi.org/10.1007/s12603-021-1634-2

	Dose–response associations between physical activity and sedentary time with functional disability in older adults with or without frailty: a prospective cohort study
	1 Introduction
	2 Materials and methods
	2.1 Study participants
	2.2 Measurements
	2.2.1 PA and ST
	2.2.2 Frailty
	2.2.3 FD
	2.2.4 Covariates
	2.2.5 Statistical analyses

	3 Results
	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions

	References

