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Objectives: Recently, isotemporal substitution has been developed to substitute activity time
for an equivalent amount of another activity. This study employed this method to demonstrate
the effects of replacing sedentary behavior (SB) time with an equivalent amount of light-intensity
physical activity (LPA) and moderate-to-vigorous intensity physical activity (MVPA) on the
risk for different severities of frailty.

Methods: A total of 886 older adults (average age 73.6 years, female 70%) participated in
this cross-sectional study. Frailty status was assessed according to the cardiovascular health
study criteria.

Main outcome measures: Wrist-worn accelerometers were used to measure SB, LPA,
and MVPA. Isotemporal substitution models were applied to show the estimated effects of
substituting 30 min of SB with an equal amount of time spent in LPA or MVPA on the risk
for pre-frailty and frailty.

Results: The physical activity level and SB were not associated with the incidence of pre-frailty.
However, a 16% (OR: 0.84; 95% CI: 0.78-0.90) and 42% (OR: 0.58; 95% CI: 0.37-0.92)
decrease in frailty risk was noted when SB was substituted with LPA and MVPA, respectively, in
the crude model. In the adjusted model, the significant effect was sustained for LPA (OR: 0.86;
95% CI: 0.80-0.92) but not for MVPA (OR: 0.74; 95% CI: 0.47-1.17).

Conclusions: This study indicates that replacing 30 min of SB with an equivalent amount of
LPA decreases the risk for frailty in older adults. Moreover, increasing LPA seems more feasible
than increasing MVPA in older adults, with substantial benefit.

Keywords: isotemporal substitution, frailty, physical activity, sedentary behavior

Introduction

Physical frailty, a syndrome related to health problems such as falls and activity
limitation, as well as hospitalization, increases the risk of early mortality and medical
costs."? Thus, focusing on the prevention and treatment of frailty syndrome in older
adults is crucial and interventions aimed at improving the symptoms of frailty should
be beneficial for the patient and society.’

Increased physical activity (PA) is a key factor in the prevention of physical dete-
rioration, including frailty.* PA guidelines recommend that older adults engage in a
minimum of 150 min per week of moderate-to-vigorous intensity PA (MVPA)’ to
maintain a healthy physical condition. However, few older adults follow the current
PA guideline,® and focusing on the increment of MVPA may be infeasible, especially
for a high-risk population such as older adults with frailty.’
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Poor health outcomes such as cardiovascular disease,
cancer, impaired metabolism, and mortality are associated
with sedentary behaviors (SBs) including watching televi-
sion, desk work, and driving, independent of MVPA.3*
Moreover, recent studies have demonstrated that light-
intensity PA (LPA) could improve the physical and cognitive
health of older adults.”!® Older adults with frailty symp-
toms show prolonged SB and decreased LPA compared to
healthier populations.'" Decreasing SB and increasing LPA
as a health promotion strategy may be more acceptable for
these inactive populations. Yet, to date, no study has exam-
ined whether replacing SB with LPA (or MVPA) reduces
the risk for different severities of frailty.

Recently, a new approach, the isotemporal substitution,
has been developed to substitute activity time for an equiva-
lent amount of another activity.'? Using this method should
enable the investigation of the effect of replacing SB with
LPA and MVPA on frailty status in older adults. Therefore,
this study aimed to ascertain the effects of replacing SB with
an equivalent amount of PA (LPA and MVPA) on the risk
for different severities of frailty.

Methods
Study design and participants

This study employed a cross-sectional study design.
The data were collected from August 2015 to December
2017. Community-dwelling older adults were recruited
via advertisement in the community newspaper or oral
announcement by medical staff. Participants received oral
and written explanations concerning the study and provided
their written informed consent prior to participating in
the study. The inclusion criteria were an age of 65 years
or older and the ability to walk independently (or using
a cane). The exclusion criteria were neurological impair-
ment (eg, stroke, Parkinson’s disease, or paresis of the
lower limbs), cognitive impairment (Mini Mental State
Examination [MMSE] score of <23),'3 and participants
with missing data values. Neurological impairment and
cognitive impairment were set as the criteria because of
conflicting evidence for the validity and reliability of accel-
erometer measurements,'* and concern about the reliability
of the questionnaire regarding frailty, respectively. Partici-
pants with osteoarthritis or rheumatoid arthritis who had
walking difficulty were not excluded. This study involved
963 community-dwelling older adults. Of these, 77 partici-
pants were excluded, and the remaining 886 participants
(average age 73.6 years, female 70%) were included in the
analysis.

Assessment of physical frailty and

covariates

Physical frailty was characterized by limitations in at least
three of the following conditions based on the cardiovas-
cular health study criteria:!''* slow gait speed, weakness,
exhaustion, low activity, and weight loss. The number of
corresponding components was used as the frailty score.
Participants who did not exhibit any of the components
were considered non-frail and those who showed one or
two components were considered pre-frail. To calculate
walking speed, which was used as the stratification variable,
participants were asked to walk down a 12-m walkway at
their preferred speed and the time taken to reach 10 m was
measured.'® Slow gait was established according to a cutoff
point of <1.0 m/s.! Weakness was assessed using maximum
grip strength, which was measured in kilograms (kg) using
a Smedley-type handheld dynamometer (GRIP-A; Takei
Ltd, Niigata, Japan). Weakness was established according
to sex-specific cutoff points (<26 kg for men, <18 kg for
women).'” Exhaustion was considered present if participants
responded with “yes” to the following question from the
Kihon Checklist developed by the Japanese Ministry of
Health, Labor, and Welfare:!® “In the last 2 weeks, have you
felt tired without a reason?” The role of PA was assessed via
the question “Do you engage in physical exercise?” If par-
ticipants answered “no” we considered their PA level to be
low. Weight loss was assessed with the question “Have you
lost 2 kg or more in the past 6 months?””'® We also collected
demographic data, including age, sex, and medical history,
which were included as covariates.

Physical activity and sedentary behavior

measurement

PA and SB were measured for 14 consecutive days using
a wrist-worn accelerometer (Actiband, TDK Co., Tokyo,
Japan). The correlation between wrist- and hip-worn accel-
erometers has been reported as moderate (»=0.55-0.86),"
and wrist-worn accelerometers could classify sedentary
and other activities with high accuracy.? The epoch dura-
tion for the accelerometer was 5 min. Participants were
instructed to wear the accelerometer constantly, including
during sleep; however, they could remove it during bath-
ing if they desired. Participants did not receive feedback
regarding PA during the measurement. Exercise inten-
sity was classified according to accelerometer data, as
follows: sedentary, <1.5 metabolic equivalents (METs);
LPA, =1.5-<3 METs; and MVPA, =3 METSs.?! The aver-
age sedentary time and PA levels were determined for each
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intensity level. Thereafter, a period of self-reported sleeping
time was excluded from the sedentary time. The data with
continuous zero counts of PA of at least 600 min during
the daytime were excluded as non-wear periods.?* Data for
participants who provided complete data of at least 4 days
of 10 or more hours/day of wear time were included in the
analysis.!! The validity and reliability of the device have been
reported in a previous study.?

Statistics

We applied one-way ANOVA to compare PA and SB
between the groups according to frailty status. The point-
biserial correlation coefficient was used to investigate the
correlation between PA and each frailty subdomain. Multiple
logistic regression models were used to examine associations
between exposure (30 min of sedentary time and different PA
intensity levels) and outcomes (incidence risk of pre-frailty
and frailty). The first analyses were single-factor, examin-
ing the association of each intensity category (SB, LPA, and
MVPA) with frailty status, with adjustment for only wear
time (model 1), and additional adjustment for covariates
(age, gender, and education) (model 2). The second analyses
involved partition models examining the association of each
intensity category while controlling for each of the other
categories of activity, with adjustment for only wear time
(model 3), and additional adjustment for covariates (model 4).
The third analyses involved isotemporal substitution models
that represented the estimated effects of substituting SB with
an equal amount of time spent in LPA or MVPA, without
(model 5) and with (model 6) adjustment for covariates.'? In
this model, SB was excluded, whereas, total wear time was
kept constant in the equation. For isotemporal substitution
modeling, the outcome can either be continuous or dichoto-
mous.* Data were analyzed using IBM SPSS ver. 24 (IBM
Corporation, Armonk, NY, USA). Statistical significance
was set at P<0.05.

Results

Table 1 shows the general characteristics of the participants.
Fifty participants (5.6%) were classified as frail (Table 2).
The average daily accelerometer wear time, excluding sleep
time was 1,015 min, of which 510 min (50%), 463 min (46%),
and 42 min (4%) were spent in SB, LPA, and MVPA, respec-
tively (Table 2). Compared to the other groups, SB time was
significantly higher, and LPA and MVPA were significantly
lower in the frailty group (P<<0.001), although no significant
difference regarding these parameters was noted between the

Table | Characteristics of participants (n=886)

Characteristic Value
Age, years, mean (SD) 73.6 (7.0)
Height, cm, mean (SD) 154.9 (8.1)
Body mass index, kg/m? mean (SD) 22.7 (3.08)
Female sex, n (%) 619 (70)
Medication, n, median (IQR) 1(3)
Comorbidity
Hypertension, n (%) 394 (45)
Diabetes, n (%) 112 (18)
Kidney disease, n (%) 24 (3)
Cardiovascular disease, n (%) 73 (8)
Osteoporosis, n (%) 99 (11)
MMSE, median (IQR) 29 (4)
Education, years, median (IQR) 12 (2)
Sleep time, h, mean (SD) 6.7 (1.1)
Frailty status
Frailty, n (%) 50 (6)
Pre-frailty, n (%) 477 (54)
Robust, n (%) 359 (40)
Gait speed, m/s, mean (SD) 1.4 (0.3)
Grip strength, kg, mean (SD) 26.7 (7.6)

Abbreviations: IQR, interquartile range; MMSE, Mini Mental State Examination.

non-frail and pre-frailty group (P=0.410). In the pre-frailty
group, few people experienced a decline in physical function
according to the frailty criteria slow gait speed (6%) and
weakness (10%). According to the correlation analysis, slow
gait speed and weakness were significantly related to all of
PA the levels (Table 3). Low activity as a frailty criterion
indicated low MVPA, but not LPA.

Table 4 shows the results of the single, partition, and
isotemporal substitution models for the effects of SB, LPA,
and MVPA on frailty according to the logistic regression
analysis to predict pre-frailty and frailty. The PA level and
SB were not associated with the incidence of pre-frailty
in any of the models. In the single models regarding the
prediction of frailty, every 30-min increment of sedentary
time was associated with a significantly increased OR for
frailty even after adjustment for covariates. Increased LPA
and MVPA were associated with a significantly decreased
OR for frailty after adjustment. In the partition model, LPA
and MVPA demonstrated significantly increased ORs in the
crude model but no significance was found in the adjusted
model. In the isotemporal substitution model, which substi-
tuted sedentary time (30 min) with an equal amount of LPA
and MVPA time, a 16% (OR: 0.84; 95% CI: 0.78-0.90) and
42% (OR: 0.58;95% CI: 0.37-0.92) decrease in the risk for
frailty was noted for LPA and MVPA, respectively, in the
crude model. In the adjusted model, the significant effect
was sustained for LPA (OR: 0.86; 95% CI: 0.80—0.92), but
not for MVPA (OR: 0.74; 95% CI: 0.47-1.17).
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Table 2 Physical activity and frailty subdomain in older adults (n=886)

Overall (n=886) Robust (n=359) Pre-frailty (n=477) Frailty (n=50) P-value®

Physical activity, min/day, mean (SD)

Sedentary behavior 510 (170) 488 (153) 508 (169) 683 (197) <0.001°<

Light intensity 463 (150) 478 (136) 468 (149) 310 (170) <0.001°<

Moderate to vigorous intensity 42 (34) 45 (31) 41 (34) 21 (37) <0.001°<

Wear time 1,015 (74) 1,011 (74) 1,017 (75) 1,013 (67) 0.41
Frailty criteria, n (%)

Slow gait speed 55 (6.2) 0(0) 27 (6) 28 (56) -

Weakness 77 (8.7) 0(0) 47 (10) 30 (60) -

Exhaustion 202 (23) 0(0) 159 (33) 43 (86) -

Low activity 299 (34) 0(0) 264 (55) 35 (70) -

Weight loss 133 (15) 0(0) 108 (23) 25 (50) -

Notes: *One-way ANOVA was used to compare each time between the groups. *Significant difference according to post-hoc analysis between the robust and frailty groups
(P<<0.05). <Significant difference according to post-hoc analysis between the pre-frailty and frailty groups (P<<0.05).

Discussion
The present study showed that replacing 30 min of SB with
an equivalent amount of LPA decreased the risk for frailty in
older adults. Although MVPA seemed to significantly reduce
the risk for frailty with a larger effect size (represented by the
OR), the effect was not statistically significant. Notably, the
PA level and SB did not predict the risk for pre-frailty.
Some studies have demonstrated that even light-intensity,
and not moderate-to-vigorous, activity had a positive effect
on health in older adults. A review by Powell et al found that
health benefits begin with any increase above the very lowest
levels of activity, and the greatest health and functional
benefits are found for increment in activity within achieving
the mainstream moderate-intensity prescription.”® A recent
systematic review has demonstrated the effectiveness of low-
intensity exercise (1.5-3.0 METs) on physical outcomes such
as lower limb muscle strength, balancing, and flexibility.”
We also previously reported the feasibility of LPA incre-
ment compared to MVPA increment as an intervention and
observed a positive effect of LPA on physical outcomes in
older adults with frailty symptoms.? Considering the posi-
tive effect of LPA in the present study, substituting SB with

Table 3 Correlations between physical activity and frailty
subdomains in older adults (n=886)

Frailty subdomain SB LPA MVPA
Slow gait speed 0.29* —0.30* —0.172
Weakness 0.14 -0.16* —0.12*
Exhaustion 0.13 —-0.122 —0.00
Low activity 0.03 0.02 -0.13°
Weight loss 0.04 —-0.02 —-0.01

Notes: Point-biserial correlation coefficient was used to show the correlation
between physical activity and frailty subdomains. *P<<0.01.

Abbreviations: LPA, light-intensity physical activity; MVPA, moderate-to-vigorous
physical activity; SB, sedentary behavior.

LPA seems an effective and feasible method for decreasing
frailty risk.

In the current study, substituting SB with MVPA did
not significantly predict frailty risk after adjustment for
covariates. The suggested target PA for older adults is
150 min a week of MVPA.?® However, achieving this is
challenging. A recent UK study reported that only 10%—15%
of free-living older adults met the minimum standard for
“sufficient activity” (>150 min/week of MVPA).¢ Sparling
et al suggested that the target was too high for many older
adults.”” The proportion of the SD of MVPA was larger
than that of LPA in the present study, which means MVPA
includes larger individual variability compared to LPA. The
fact that the statistical significance was not retained in the
adjusted isotemporal substitution model suggests that MVPA
is easily influenced by covariance. Accordingly, increasing
MVPA seems a reasonable strategy for improving frailty sta-
tus; however, it may not be as beneficial as LPA for all older
adults. Nevertheless, the effect size of MVPA for decreasing
the risk for frailty was large; thus, older adults who have
potential to increase their MVPA should be encouraged
to do so.

PA did not decrease significantly in pre-frail older adults
compared to the non-frail and accordingly, the PA level did
not predict pre-frailty as against the results of frailty in the
present study. A previous study also showed that PA in older
adults who are physically vulnerable and may be consid-
ered pre-frail was almost the same as that in non-frail older
adults.!" Alternatively, 55% of participants with pre-frailty
fell into the “low activity” category, as a frailty criterion, and
significant correlation between the criterion and actual PA
measured by an accelerometer was found only in MVPA.
Because PA assessment as a frailty criterion was evaluated
by a simple questionnaire with the question “Do you engage
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Table 4 Single-factor, partition, and isotemporal substitution models for frailty in older adults (n=886)

Model

OR for pre-frailty*

OR for frailty

SB LPA MVPA SB LPA MVPA
Single factor
Crude model (model I)  1.02 (1.00-1.05) - - 1.23 (1.16-1.30)> - -
- 0.99 (0.96-1.01) - - 0.81 (0.76-0.86)° —
- - 091 (0.80-1.02) - - 0.34 (0.21-0.55)°
Adjusted model (model 2) 1.03 (1.00-1.06) - - 118 (1.11-1.26)> - -
- 0.99 (0.96-1.02) - - 0.84 (0.79-0.90)° —
- - 0.89 (0.78-1.01) - - 0.51 (0.32-0.81)°
Partition
Crude model (model 3)  1.04 (0.99-1.11) 1.03 (0.97-1.10)  0.95 (0.83-1.10) 1.04 (0.93-1.16) 0.87 (0.77-0.99)°  0.60 (0.38-0.96)°
Adjusted model (model 4) 1.05 (0.99-1.11) 1.04 (0.98-1.11)  0.94 (0.81-1.09) 1.04 (0.93-1.17) 0.89 (0.78-1.02) 0.77 (0.48-1.23)
Isotemporal substitution
Crude model (model 5)  Dropped 0.98 (0.96-1.02)  0.91 (0.80-1.04)  Dropped 0.84 (0.78-0.90)°  0.58 (0.37-0.92)°
Adjusted model (model 6) Dropped 0.99 (0.96-1.02)  0.89 (0.78-1.02)  Dropped 0.86 (0.80-0.92)>  0.74 (0.47-1.17)

Notes: ORs were calculated according to 30-min periods of sedentary time and PA intensity levels. In the model for pre-frailty, frail older adults were excluded. Age, gender,
and education were included as covariates in the adjusted models. In the isotemporal substitution models, the OR represents the estimated effects of substituting sedentary
time with an equal amount of time spent in LPA or MVPA. *Older adults with frailty (n=50) were excluded from the analysis time with an equal amount of time spent in LPA

or MVPA. ®P<0.05.

Abbreviations: LPA, light-intensity physical activity; MVPA, moderate-to-vigorous physical activity; PA, physical activity; SB, sedentary behavior.

in physical exercise?”, it might not substantially reflect the
actual total PA including LPA or SB, which accounts for the
vast majority of PA in daily life. Moreover, the reason why
PA declined because of frailty and not pre-frailty may be
explained by the presence or absence of a functional decline
in older adults in each category. More than half of the older
adults with frailty corresponded to the “slow gait speed” and
“weakness” frailty criteria, which indicates that these people
had apparent functional decline. However, only 6% and 10%
of pre-frail participants corresponded to the “slow gait speed”
and “weakness” criteria, respectively. Willey et al suggested
that physical inactivity is related to slow gait speed in older
adults.”® The present results also showed a correlation between
functional decline, such as slow gait speed and weakness,
and PA. The change in PA would be more sensitive in older
adults with frailty who have a functional decline.

This study has several limitations. First, because of its
cross-sectional study design, the ability to make causal infer-
ences is limited. In addition, the isotemporal substitution
model is a mathematical method to replace one behavior
with another; thus, the results should be interpreted carefully.
Second, although the accelerometer has some advantages
compared to the questionnaire and self-reported methods,”
wrist-worn accelerometers cannot precisely detect differences
between SB and standing activities. Moreover, this study
employed a self-reported sleep time in order to omit sleep
time from SB; thus, the measured time for PA and SB in the
current study may include some errors. Nevertheless, a longer
wear time exceeding 1,000 min, except for sleep, would be
advantageous for estimating all PAs in the participants.

Conclusions

This study indicates that replacing 30 min of SB with an
equivalent amount of LPA decreases the risk for frailty in
older adults. However, replacing SB with any PA does not
predict the risk for pre-frailty. In older adults, increasing
LPA seems more feasible than increasing MVPA, with
substantial benefit. Further studies with a longitudinal design
are required to clarify the effects of SB relocation in older
adults with different frailty severities.
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