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









 


	
	
ORIGINAL RESEARCH
published: 24 April 2024
doi: 10.3389/fpubh.2024.1357618








[image: image2]

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

Satoshi Seino1*, Takumi Abe1, Yu Nofuji1, Toshiki Hata2, Shoji Shinkai1,3, Akihiko Kitamura1,4 and Yoshinori Fujiwara5


1Research 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

3Department of Nutrition Sciences, Kagawa Nutrition University, Sakado, Saitama, Japan

4Health Town Development Science Center, Yao City Public Health Center, Yao City, Osaka, Japan

5Tokyo Metropolitan Institute for Geriatrics and Gerontology, Itabashi, Tokyo, Japan

Edited by
 Ricardo Aurélio Carvalho Sampaio, Federal University of Sergipe, Brazil

Reviewed by
 Caroline Dupré, INSERM U1059 SAnté INgéniérie BIOlogie, France
 Roberto Jerônimo Dos Santos Silva, Federal University of Sergipe, Brazil
 Raphael Araujo, State University of Londrina, Brazil, in collaboration with reviewer RS

*Correspondence
 Satoshi Seino, seino@tmig.or.jp 

Received 18 December 2023
 Accepted 02 April 2024
 Published 24 April 2024

Citation
 Seino S, Abe T, Nofuji Y, Hata T, Shinkai S, Kitamura A and Fujiwara Y (2024) Dose–response associations between physical activity and sedentary time with functional disability in older adults with or without frailty: a prospective cohort study. Front. Public Health 12:1357618. doi: 10.3389/fpubh.2024.1357618
 

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 65–84 years 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 (CIs) 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% CI: 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. 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 person’s 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 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.
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FIGURE 1
 Flow diagram of the study participants. IPAQ-SF = International Physical Activity Questionnaire-Short Form.


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


2.2.1 PA and 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, 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 (18 h) 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 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 and/or mortality, and is compatible with the Frailty Index for predicting risk (25).



2.2.3 FD

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 ≥ 25 kg/m2), 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 α 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, 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 3.6 years 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 of FD was significantly higher in people excluded from analysis (20.1%) than in those included in the analysis (13.4%).



TABLE 1 Baseline characteristics of the study population according to FD status.
[image: Table1]

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).



TABLE 2 Multivariate-adjusted HRs and 95% CIs of MVPA and ST for incident FD.
[image: Table2]

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% CIs 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 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).

[image: Figure 2]

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.


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).

[image: Figure 3]

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.




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 600 min/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, 35). For instance, a dose–response meta-analysis of eight studies (36,383 participants) using accelerometry-measured PA showed that individuals performing 20–30 min/day of MVPA had an approximately 60% risk reduction for all-cause mortality (35). Another dose–response meta-analysis of 94 cohorts (30 million participants) revealed that 75 min/week of MPA (approximately 11 min/day) significantly reduced the risk of mortality, cardiovascular disease, and cancer (7). Similar to the results of these studies (5–8, 22, 34, 35), the only dose–response analysis with FD as an outcome showed that a higher MVPA, regardless of about of <10 or ≥ 10 min, significantly reduced the risk of FD (10). Our findings prove that these relationships are consistent, even in frail older adults.

However, our finding is somewhat contrary to the results of a recent study (13). A 3.38-year cohort study that examined dose–response relationships between objectively measured daily steps and mortality (13) reported that frail older adults may require more daily steps to achieve an inverse association with mortality than non-frail 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 phenotype of frailty (26), the daily steps of frail older adults may contain more LPA than those of non-frail older adults (e.g., slow walking [approximately 0.89 m/s] is equivalent to 2.8 METs (37)). Several Japanese cohort studies in older adults have reported that total LPA is not significantly associated with a reduced risk of FD (10, 38). Therefore, the study in question (13) may have concluded that frail older adults require more daily steps than non-frail ones to reduce the risk of mortality. It is essential to increase MVPA, even slightly, to reduce the risk of FD in frail older adults.

Our results emphasize the significance of avoiding prolonged ST independent of MVPA among non-frail older adults, although this alone is insufficient to reduce the risk of FD among frail older adults. Previous studies (11, 39, 40) have reported mixed results regarding whether the relationship between ST and disability is independent of PA. One study (39) showed that the association between ST and mobility disability remained statistically significant, even after adjusting for PA, whereas two studies (11, 40) showed that the association between ST and functional limitations/FD was not statistically independent of MVPA, suggesting that decreased ST may be replaced by increased MVPA. This discrepancy in previous results may be partially explained by the presence or absence of frailty. The significant positive dose–response association between ST and FD among frail older adults completely disappeared after adjusting for MVPA, indicating that the association was not independent of MVPA in frail older adults. Previous studies reported that replacing 10 min of ST with MVPA led to a 12–13% reduction in FD risk, whereas replacing ST with LPA did not consistently reduce the risk of FD (11, 41). Based on these and our results, reducing ST alone may be insufficient to reduce the risk of FD; it is important to replace ST with MVPA, but not LPA, especially in frail older adults.

FD risk did not significantly increase even at high levels of MVPA, regardless of frailty status. Although our dose–response curve between MVPA and FD risk showed an inverse J-shaped association, this may be attributed to reverse causation bias due to the short follow-up period (42, 43) and regression dilution bias due to measurement error based on a single assessment at baseline (43). Individuals who have pre-existing conditions that elevate their risk may become less active, which could result in an overestimation of the true inverse association, particularly between lower levels of MVPA and risk (42). Furthermore, 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 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 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.
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