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Abstract

Objectives: To assess the effects of a wearable-sensor-
assisted multicomponent exercise program on physical
fitness, cognition and quality of life in a practical setting
involving frail older adults.

Methods: Frail older adults (n=130) were randomly divided
into a control (CG, n=68) group and an exercise group
(EG, n=62) in a 12-week intervention, which included stride
gait training with wearable sensors; aerobic exercise;
and resistance, flexibility, balance, and cognitive training.
Primary outcomes (physical fitness) were evaluated via the
SPPB and SFT. Secondary outcomes (cognitive ability, quality
of life and frailty) were evaluated via the MoCA-BC, SF-36
and Fried frailty criteria, respectively.

Results: After the 12-week intervention, the EG demon-
strated significant improvements (p<0.05) vs. the CG in gait
speed (B3=0.424, coefficient of interaction effect between
group and time from the generalized linear mixed model),
chair stand (B5=0.501) and total score ($;=65.466) of SPPB and
all SFT components including 6MWT (walked distance,
B3=1.098; walking speed, B3=0.105; stride length, B3=0.041),
back scratch ($3=4.926), chair sit and reach (3=3.762), 30s
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arm curl (B3=6.124), 30s sit-to-stand (B3=3.04), and TUG
(B3=-6.712). The MoCA-BC total, verbal fluency and delayed
recall scores; the physical function, general health, vitality,
and mental health scores of the SF-36; and the frailty
phenotype in the EG were significantly improved compared
with those of the CG.

Conclusions: The progressive wearable-sensor-assisted
multicomponent exercise program designed in this study
enhanced physical fitness, cognitive ability and quality of life
and slowed down the progression of frailty in frail older
adults, supporting its potential as a feasible community-
based health intervention.
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Introduction

Frailty, a multifaceted geriatric syndrome, is characterized by
diminished physiological reserves and compromised intrinsic
capacity that progressively erodes an individual’s adaptive
resilience. This degenerative process heightens vulnerability
to external stressors while reducing functional autonomy,
thereby increasing the risk of destabilizing events that include
accidental falls, acute health deterioration requiring medical
intervention, long-term care dependency, and stressor-
induced complications that may culminate in premature
mortality [1-3]. The accelerating demographic transition
marked by an unprecedented increase in life expectancy
juxtaposed with a reduction in global fertility rates has led to
accelerated population aging trajectories throughout devel-
oped countries and even developing countries, accompanied
by an increasing prevalence and incidence of frailty,
which poses a severe challenge for health management
in older adults [2-4]. Depending on the frailty assessment tool
used and the population included, the global prevalence of
frailty ranges from 12 to 24 % [3]. The pooled prevalence rate
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of frailty was 20.5 % among older adults in Asian communities
[5], and the aggregate prevalence rates of frailty and prefrailty
were 10.1 and 43.9 %, respectively, in older dwellers in Chinese
communities [6]. Given the high susceptibility to frailty among
community-residing older adults, preventing frailty and
minimizing its adverse consequences in this population
subgroup are vital [7].

Progressive declines in physiological function often lead
to gait velocity attenuation, impaired chair-rise capacity, and
postural instability [8]. Gait plasticity impairment is closely
associated with fall risk and is suggested to be an early
biomarker of frailty [9]. The phenotypes of frailty include
nonvolitional body mass loss, self-reported exhaustion,
diminished grip strength, gait velocity reduction, and low
physical activity [10]. These close links between frailty risk
and the components of physical fitness highlight the possi-
bility of prevention. In addition, the physical decline of frail
older adults is frequently linked to cognitive impairments,
which can also be alleviated by improving physical function
[11,12]. It has been reported that integrated pharmacological
management and nonpharmacological interventions, such
as physical activity, nutritional interventions and multi-
component exercise interventions, have protective effects
against the development of frailty [13]. Notably, physical
activity is currently considered the most effective regimen
for the prevention and treatment of frailty, and even the
frailest older adults can benefit from any tolerable physical
activity [1].

Regular physical activity can act on multiple critical
physiological systems to prevent muscle atrophy and
weakness, maintain cardiorespiratory fitness and cogni-
tive function, and promote metabolic health and functional
independence [14]. According to the recommendations of
multiple sets of guidelines, the first-line therapy for the
improvement of frailty should include multicomponent
physical activities such as aerobic, resistance and balance
training [15-17]. Multicomponent exercise intervention
programs such as the OTAGO exercise program (OEP)
and Vivifrail, which are stratified according to fall risk
and physical function, can improve physical fitness,
cognitive performance and fall risk, thereby improving
quality of life in frail older adults [18, 19]. In addition,
multidisciplinary team cooperation in physical medicine
can dynamically adjust exercise programs according to the
feedback and physical condition of frail older adults during
the implementation of exercise interventions, possibly
resulting in improved rehabilitation effects [20]. However,
how to design and implement a multicomponent exercise
intervention program suitable for local frail residents
has been a key issue in health management for older
people.
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Both the short physical performance battery (SPPB) and
the senior fitness test (SFT) serve as validated quantitative
metrics for evaluating the physical function of older
community-residing individuals [21, 22]. The SPPB reflects fall
risk as a quick assessment of participants’ lower-limb func-
tion, including balance, movement, and strength [21], whereas
the SFT is more complex and time-consuming and is
composed of several tests aimed at assessing cardiorespira-
tory endurance, musculoskeletal integrity, and neuromotor
coordination and ultimately assessing body fitness and
intrinsic capacity [22]. Fortunately, technological innovations
in wearable sensors have made these detection methods
easier to implement and more precise [23, 24]. The wearable
sensor system Ambulosono provides standardized and auto-
mated detection modules such as the six-minute walking test
(6MWT) and timed up-and-go (TUG) test to obtain precise data
on walking speed, stride length, distance walked and balance
[23]. In addition, Ambulosono’s stride gait training may be
useful for interventions in frail older adults since gait plas-
ticity impairment is a biomarker of frailty [9, 25].

In this study, we designed a progressive multicompo-
nent exercise intervention program assisted by the Ambu-
losono wearable sensor system, which was modified on the
basis of the Vivifrail and OEP and followed the specific,
progressive overload and reversibility training principles
of sports [26]. Through the systematic assessment of the
SPPB/SFT, Chinese version of the Montreal Cognitive
Assessment—Basic (MoCA-BC), and 36-Item Short Form
Health Survey (SF-36) scores before and after the interven-
tion, we hypothesize that this multicomponent exercise
intervention program could more effectively improve the
physical fitness, cognition and quality of life of frail older
adults than a control population that received regular health
education and care only. The summary of this article is
presented in Figure 1.

Materials and methods
Study design and setting

This study was conducted from May 2023 to August 2024 in five
communities in Guangzhou, China. Based on the differences
pre and post intervention in physical fitness (12 outcomes of
SPPB and SFT analyzed using repeated-measures ANOVA) in
our pilot study (n=16 per group), the minimum Cohen’s d of
0.383 for the four significantly different indicators was
selected as the value of the effect size. Using G*Power 3.1.9.7
with a=0.0167 (adjusted for 12 outcomes), power=0.80, two
groups, and two measurements, 48 participants per group
were required. Accounting for 20 % anticipated dropout, the
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n=62) groups in a 12-week intervention.
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SPPBandSFT MoCA-BC and SF-36 CONCLUSION

The wearable-sensor-assisted multicomponent exercise program
designed in this study increased physical fitness, cognitive ability
and quality of life in frail older adults, supporting its potential as a

feasible community-based health intervention.

Physical fitness, cognitive ability and quality of life were assessed via the
Short Physical Performance Batter (SPPB)/ Senior Fitness Test (SFT), Montreal
Cognitive Assessment (MoCA-BC), and Short Form 36 (SF-36), respectively.
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Figure 1: Graphical representation of this study. Key points: (1) to assess the effects of a wearable-sensor-assisted multicomponent exercise program on
physical fitness, cognition and quality of life in a practical setting involving frail older adults. (2) a total of 130 frail older adults were randomly divided into
control and exercise groups in a 12-week intervention. Physical fitness, cognitive ability and quality of life were assessed via the SPPB/SFT, MoCA-BC, and
SF-36, respectively. (3) the wearable-sensor-assisted multicomponent exercise program increased physical fitness, cognitive ability and quality of life in
frail older adults, supporting its potential as a feasible community-based health intervention. Figure created with BioRender.

final sample size was set to be no less than 60 per group (total Clinical Trial Ethics Committee (No. ChiCTR2000035138) and
n=120). The research was conducted in full compliance with the Ethics Committee of Guangzhou Sport University (No.
the World Medical Association’s Declaration of Helsinki 2020CLLL-003). All the participants provided voluntary writ-
ethical principles and followed good clinical practice guide- ten informed consent after the study procedures were
lines. This study was approved by the Chinese Registered explained.
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Participants

A total of 217 participants were initially recruited for this
study. Data on age, sex, income, education, marital status,
number of chronic diseases, type of medication, smoking
and drinking status and sports self-efficacy (SSE) were
collected via questionnaires. The study cohort was selec-
tively enrolled through a stratified screening protocol
requiring (1) being aged>60 years; (2) having a Fried frailty
index=>1; (3) being able to communicate verbally; (4) being
able to move independently or with assistance; and (5)
signing informed consent to participate in the study volun-
tarily. Exclusionary parameters systematically excluded
candidates who presented (1) acute-phase pathophysiolog-
ical states such as injuries and infections; (2) psychiatric or
psychological disorders compromising protocol adherence;
(3) uncontrolled cardiometabolic decompensation such as
diabetes, cardiac diseases and high blood pressure; and (4)
other iatrogenic contraindications precluding safe research
participation. One hundred 33 eligible participants fulfilling
the criteria were randomly divided into a routine care
control group (CG, n=68) and an exercise group (EG, n=65)
on the basis of a matched group design according to sex,
age, SSE and SPPB. Three participants were excluded for
concealing their medical history. Finally, a total of 130 par-
ticipants were included, comprising 44 men and 86 women
aged 62-94 years. During the experiments, 29 participants
dropped out due to illness, loss to follow-up or refusal to
follow-up, with 101 participants (51 in the CG and 50 in the
EG) completed the study (Figure 2). No adverse events were
found to be directly attributable to the exercise intervention
during the experiment. Owing to the behavioral nature of
the intervention, a single-blind strategy was adopted in
this study.

Multicomponent exercise program

The multicomponent exercise program applied in this study
was based on the Vivifrail and OEP with modifications, and
followed the specific, progressive overload and reversibility
training principles of exercise [18, 19, 26]. Based on routine
care, participants in the EG were further subgrouped
according to their baseline SPPB scores, using a score of 7
as the cut-off. Each subgroup consisted of 5-6 participants
with similar SPPB levels. Participants with an SPPB
score>7 received the standard progressive multicomponent
exercise intervention. Those with an SPPB score<6 received
a modified exercise protocol incorporating more seated
chair-based exercises to meet their functional capacity and
exercise demands [27]. The exercise interventions were
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divided into adaptation, improvement and maintenance/
adjustment stages. Each stage lasted 4 weeks, for a total of
12 weeks. The weekly exercise program included a variety of
alternative movements for selection, such as gait training,
aerobic exercise, upper- and lower-limb resistance and
flexibility training, balance, and cognitive training. Specif-
ically, an Ambulosono wearable sensor (AT-GR-001, Buge
Technology [Guangzhou] Co. Ltd., China), which can
improve participants’ stride length and frequency through
linking auditory musical reward stimulation to adjustable
motor action, was used for stride gait training [23]. First, an
account for each participant was registered in the Ambulo-
sono backend management system. The sensor was attached
to the participant’s leg approximately 5 cm above the knee,
and a 6MWT was conducted before starting stride gait
training. Based on the average stride length in the 6MWT,
the target stride length was set at 110 % of the average. The
participants subsequently engaged in 8~15min auditory
cue-guided gait training sessions via real-time biofeedback.
A closed-loop feedback mechanism modulated auditory
stimulus delivery contingent upon stride length achieve-
ment: continuous musical reinforcement occurred when
participants maintained the target stride length, whereas
auditory feedback interruption served as a corrective signal
for subthreshold performance. This paradigm created an op-
erant conditioning framework to promote motor learning
through immediate performance-contingent reinforcement.
In addition, neuromuscular training and cognitive-motor
dual-task training were added during the improvement and
maintenance stages. Moderate-intensity exercise training
(Rating of Perceived Exertion, RPE 3-4) was conducted
50-70 min a day, 3 days a week [28]. The participants followed
the instructions of a coach, assisted by an assistant coach, and
two nurses provided medical supervision to monitor health
and safety during training. The detailed exercise prescriptions
and training movements are shown in Tables S1 and S2.

In contrast, the participants in the CG did not use
Ambulosono wearable sensors or receive exercise
interventions. Both groups received health education and
the Vivifrail sports health manual for older adults; routine
care, such as health testing and diet guidance; and physical
therapy in community hospitals according to actual needs
during the 12 weeks.

Measurements
Anthropometric measurements

Height and mass were measured, and body fat mass and
skeletal muscle mass were measured via a body composition
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analyzer (Inbody 370, Korea), which is based on bioelectrical
impedance analysis. Body mass index (BMI) was calculated
via the formula BMI=mass/height2 (kg/mz). In addition, the
exercise self-efficacy scale was used to evaluate participants’
subjective willingness to exercise [29].

Frailty criteria

Frailty phenotypes were classified using the Fried criteria as
diagnostic thresholds, where syndromes with>3/5 geriatric
vulnerability markers — nonvolitional body mass loss, self-
reported exhaustion, diminished grip strength, gait velocity
reduction, and low physical activity — were defined as frail
(robust: 0; prefrail: 1-2; frail: 23) [10].

SPPB

The SPPB consists of three subtests: balance, gait speed and
repeated chair stand tests. The balance ability was timed by
three progressive difficulty standing postures, including
unaided feet-together stand, semi-tandem stand and full
tandem stand, until participant moved or 10 s elapsed. Gait
speed was measured by recording the shorter duration of
the two 4-m walking tests. In the chair stand test, the par-
ticipants were asked to perform five chair stands as quickly
as possible with their arms folded across their chest. The
total score of the SPPB (range: 0-12) is the sum of the three
subtests, each scored from 0-4 [21].

SFT

The SFT consists of six subtests, including the 6MWT, TUG,
back scratch, chair sit and reach, 30 s arm curl and 30 s sit-to-
stand tests. The 6MWT is used for aerobic endurance and
gait function; the TUG test is used for explosive speed, agility,
and dynamic balance; the back scratch is used for upper-
body flexibility; the chair sit and reach for lower-body
flexibility; the 30 s arm curl for upper-body strength; and the
30 s sit to stand for lower-body strength. All tests were con-
ducted by trained assessors in strict accordance with the
guidelines provided in the second edition of the SFT Manual
[30]. The 6MWT and TUG were conducted with the assistance
of an Ambulosono wearable sensor to obtain accurate total
walking distance, walking speed, average stride length and
time. The specific operation details are as follows: the sensor
is attached to the participant’s leg approximately 5 cm above
the knee, log in to the Ambulosono app via mobile phone, and
the 6MWT assessment item is selected to record the total
walking distance, walking speed, and average stride length
within 6 min. Alternatively, the TUG assessment item is
selected to record the time spent completing the series of

DE GRUYTER

actions: standing up from a seated position, walking 5m,
turning around, returning to the original position, and
sitting back down. After the 6MWT or TUG test is completed,
the corresponding assessment report in the backend system
is viewed.

MoCA-BC

The MoCA-BC was used to assess the participants’ cognitive
ability, which included nine domains: executive function,
verbal fluency, orientation, conceptual thinking, calcula-
tion, delayed recall, visuoperception, naming and atten-
tion. The maximum score of the MoCA-BC is 30 points, and a
higher score indicates greater cognitive ability. To correct
for the deviation caused by education level, the cutoff
values for mild cognitive impairment were set as follows:
19 points for years<6, 22 points for years 7-11, and 24 points
for years212 [31]. The questionnaires were evaluated
by professionally trained nurses following standardized
protocols.

SF-36

The Chinese version of the SF-36 was used to evaluate the
participants’ quality of life and included eight domains:
physical function (PF), role physical (RP), bodily pain (BP),
general health (GH), vitality (VT), social functioning (SF), role
emotional (RE) and mental health (MH). The score for each
area was calculated according to previous literature [32]. The
questionnaires were evaluated by professionally trained
nurses following standardized protocols.

Data processing and statistics

The chi-square test was used to compare categorical vari-
ables. Independent-sample t tests were used for between-
group comparisons of continuous variables from the clin-
ical and demographic characteristics of the participants. A
generalized linear mixed model (with correction parame-
ters such as age, number of chronic diseases, number of
medicines, and SSE, etc.) was used to evaluate the signifi-
cance of the differences between the EG group and the CG
group pre and post intervention. The values of §; and B,
respectively represent the coefficients of change within the
CG and EG pre and post intervention, and the value of B3
represents the coefficient of the interaction effect between
group and time from the generalized linear mixed model.
The d value of the model (d,,) represents the effect size
which is calculated by dividing the adjusted group differ-
ence by the standard deviation (SD) of the model residuals.
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On the basis of principle of intention-to-treat analysis, for
participants who dropped out during the intervention,
the data from the preintervention were used as the post-
intervention results via the single-fill method. All analyses
were performed via SPSS 26.0 software (IBM, USA). The
continuous data are expressed as the means+SDs, and the
categorical data are expressed as frequencies and per-
centages. p<0.05 was considered to indicate statistical
significance.

Results
Characterization of the participants

One hundred 30 participants were included in the present
study (mean age [SD]=76.83 + 8.11; 66.86 % [n=86] women).

Table 1: Clinical and demographic characteristics of the participants.

Characteristic Control Exercise  XAT p-Value
group group
(CG, n=68) (EG, n=62)
Female, n (%) 42/68 (61.76) 44/62 (70.97) 1.227 0.268
Age, years 76.72 +7.54  76.95+8.75 -0.161 0.873
Height, cm 155.80 + 6.67 154.84 + 7.68 0.765 0.446
Mass, kg 55.79 +9.50 55.61 +11.18 0.099 0.921
Frailty stage, n (%)
Pre-frailty 49/68 (72.10)  34/62 (54.80) 4.166 0.041
Frailty 19/68 (27.9)  28/62 (45.20)
Education, n (%)
< 6th grade 20/68 (29.41) 21/62 (33.87)  4.11 0.25
7-9th grade 18/68 (26.47) 21/62 (33.87)
10-12th grade 25/68 (36.76)  13/62 (20.97)
> 12th grade 5/68 (7.35) 7/62 (11.29)
Income, n (%)
<3K 18/68 (26.47) 13/62(20.97) 0.541 0.462
>3K 50/68 (73.53)  49/62 (79.03)
Marital status, n (%)
Married 51/68 (75.00) 41/62 (66.13) 1.862 0.394
Unmarried/ 2/68 (2.94) 1/62 (1.61)
divorced
Widowed 15/68 (22.06)  20/62 (32.26)
Number of chronic 2,93 +1.98 2.65+1.93 0.818 0.415
diseases
Number of 2.74 +2.18 240+ 211 0.881 0.38
medicines
Smoking status, n (%)
Yes 57 (83.82) 56 (90.32) 1.205 0.272
No 11 (16.18) 6 (9.68)
Drinking status, n (%)
Yes 57 (83.82) 58 (93.55) 3.005 0.083
No 11(16.18) 4 (6.45)
SSE 60.43 + 16.23  60.50 + 17.10 -0.025 0.98
SPPB 8.54 + 2.68 8.61+2.96 0.465 0.497
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The clinical and demographic characteristics of the partici-
pants in each group are displayed in Table 1. Sociodemo-
graphic variables included age, sex, education level, income
and marriage status. The health and health behavior vari-
ables included height, mass, number of chronic diseases and
medicines, frailty stage, and smoking and drinking status.
Subjective exercise intention was evaluated by SSE, and
fall risk was assessed by the SPPB. Except for a significant
difference in frailty status (p<0.05), the conditions of the
participants in the two groups were similar. None of the
participants or their proxies reported adverse effects during
the follow-up.

Effect of exercise programs on physical
fitness in frail older adults

At baseline, there was no difference in body composition
between EG and CG participants. After the 12 weeks of
progressive multicomponent exercise intervention, the EG
presented a significant increase in skeletal muscle mass
before and after the intervention, although we did not find
significant differences in body composition (BMI, body fat
mass, or skeletal muscle mass) between the CG and EG
(Figure 3A-C and Table 2). Furthermore, we used both the
SPPB and SFT to comprehensively evaluate the primary
outcomes of participants’ physical function. At baseline,
there was also no difference in SPPB or SFT scores between
the EG and CG. After the intervention, the balance, gait
speed, chair stand and total SPPB scores of the EG improved
significantly compared with the baseline scores. Compared
with those of the CG, the gait speed, chair stand test and total
SPPB scores were significantly improved in the EG after the
exercise intervention (Figure 3D-G and Table 2). Similarly,
the distance walked, walking speed and stride length during
the 6MWT, back scratch, chair sit and reach, 30 s arm curl,
30 s sit-to-stand and TUG test results in the EG were signifi-
cantly better than those at baseline and those in the CG
after the intervention, whereas only the 30 s sit to stand test
results in the CG were significantly better than those at
baseline (Figure 4 and Table 2).

Effect of exercise programs on cognition in
frail older adults

At baseline, there was no difference in any of the aspects
of the MoCA-BC except verbal fluency between the EG
and CG. After the 12 weeks of progressive multicomponent
exercise intervention, the total score and the subdomain
of executive function, conceptual thinking, delayed recall
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Figure 3: The effects of the multicomponent exercise program on the body composition and the SPPB scores of the participants in each group. At

baseline, there was no difference in the body composition (A-C) and the SPPB scores (D-G) between the EG and CG before and after intervention. After
the intervention, multicomponent exercise significantly increased the skeletal muscle mass (C) of frail older adults in the EG compared with baseline. All
subtests of the SPPB in the EG were significantly improved compared with those at baseline. Compared with those of the CG, the total scores of the SPPB
(D) and the scores of gait speed (F) and the chair stand test (G) were significantly improved in the EG after the exercise intervention. Mean+SD, *p<0.05,

#%0<0.01, ***p<0.001.

and visuoperception scores of the MoCA-BC in the EG were
significantly improved compared with those at baseline.
In the CG, only conceptual thinking was significantly
improved, and verbal fluency was significantly weakened
compared with that at baseline. In addition, compared with
those of the CG, the total score and delayed recall score of
the MoCA-BC were significantly improved, and the degra-
dation of verbal fluency was delayed in the EG after
the exercise intervention. However, after adjusting for
the participants’ education level, there was no significant
difference in the distribution of participants with normal
cognition and mild cognitive impairment in each group
(Figure 5 and Table 2).

Effects of exercise programs on quality of life
and frailty status in frail older adults

At baseline, there was no difference in the SF-36 score be-
tween the EG and CG. After the 12 weeks of progressive
multicomponent exercise intervention, the PF, RP, BP, GH,
VT, RE and MH domains of the SF-36 in the EG were signifi-
cantly improved compared with those at baseline. However,
none of the domains in the CG improved compared with
those at baseline, and even the PF domain significantly
deteriorated. In addition, compared with those in the CG, the
PF, GH, VT and MH scores of the SF-36 were significantly
improved in the EG after the exercise intervention
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Table 2: Between-group effect sizes for outcome measures.
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(oc] EG Between-group

B4 n SD B2 n SD Bs n SD  Significance dm (95 % CI)
Skeletal muscle mass, kg 072 68 3.04 043 62 1.05 -0.292 130 4.63 0.473 —-0.13 (-0.47, 0.22)
Body fat mass, kg -0.50 68 3.00 -036 62 1.85 0.135 130 5.04 0.761 0.05 (-0.29, 0.40)
BMI, kg/m? 0.01 68 2.44 056 62 4.56 0.552 130 7.23 0.385 0.15 (-0.19, 0.50)
SPPB balance test score 0.10 68 0.55 029 62 0.82 0.187 130 1.38 0.124 0.27 (-0.08, 0.61)
SPPB gait speed test score -0.12 68 1.09 031 62 0.76 0.424 130 1.89 0.011 0.45 (0.10, 0.79)
SPPB chair stand test score 0.18 68 1.01 0.68 62 0.92 0.501 130 1.93 0.003 0.52 (0.17, 0.87)
SPPB total score 0.18 68 1.81 127 62 1.53 1.098 130 3.37 <0.001 0.65 (0.30, 1.00)
SFT chair sit and reach, cm 1.71 68 8.99 547 62 8.93 3.762 130 17.94 0.018 0.42 (0.07, 0.77)
SFT back scratch, cm -0.54 68 7.59 439 62 6.69 4,926 130 14.37 <0.001 0.69 (0.33, 1.04)
SFT 30 s sit-to-stand, n 141 68 3.96 445 62 5.89 3.04 130 9.96 0.001 0.61 (0.26, 0.96)
SFT 30 s arm curl, n 012 68 6.44 6.24 62 6.69 6.124 130 13.14 <0.001 0.93 (0.57, 1.29)
SFTTUG, s 302 68 1315 -369 62 1115 -6.712 130 24.50 0.002  -0.55(-0.90, —-0.19)
SFT 6MWT walked distance, m -3.41 68 6519 6206 62 8591 65466 130 151.71 <0.001 0.86 (0.50, 1.22)
SFT 6MWT walking speed, m/s 0.04 68 0.22 0.14 62 0.23 0.105 130 0.45 0.008 0.47 (0.12, 0.82)
SFT 6MWT stride length, m 0.01 68 0.08 0.05 62 0.11 0.041 130 0.19 0.015 0.43 (0.08, 0.77)
MoCA total score -0.24 68 3.09 1.74 62 3.20 1.977 130 6.29 <0.001 0.63 (0.27, 0.98)
MoCA executive function score 0.02 68 0.44 015 62 0.54 0.13 130 0.98 0.13 0.27 (-0.08, 0.61)
MoCA verbal fluency score -0.29 68 0.67 0.02 62 0.78 031 130 1.45 0.015 0.43 (0.08, 0.77)
MoCA orientation score 0.10 68 1.22 013 62 0.90 0.026 130 2.16 0.891 0.02 (-0.32, 0.37)
MoCA calculation score -0.07 68 0.63 013 62 0.84 0.203 130 1.48 0.119 0.28 (-0.07, 0.62)
MoCA conceptual thinking score 0.15 68 0.50 032 62 0.84 0.176 130 1.37 0.146 0.26 (-0.09, 0.60)
MoCA delayed recall score -0.07 68 1.00 0.61 62 1.14 0.686 130 213 <0.001 0.64 (0.29, 0.99)
MoCA visuoperception score 0.00 68 0.83 024 62 0.84 0.242 130 1.67 0.1 0.29 (-0.06, 0.63)
MoCA naming score -0.07 68 0.63 015 62 0.72 0.219 130 1.35 0.066 0.32 (-0.02, 0.67)
MoCA attention score 0.02 68 0.61 0.03 62 0.57 0.018 130 1.19 0.866 0.03 (-0.32,0.37)
SF-36 PF score -5.44 68 17.51 726 62 1727 12,699 130 34.82 <0.001 0.73 (0.37, 1.08)
SF-36 RP score -221 68 4292 887 62 3267 11.077 130 76.84 0.102 0.29 (-0.06, 0.63)
SF-36 BP score 062 68 26.00 369 62 1459 3.076 130 42.72 0.413 0.14 (-0.20, 0.49)
SF-36 GH score 425 68 1952 1226 62 20.50 8.008 130 40.03 0.023 0.40 (0.05, 0.75)
SF-36 VT score 199 68 1237 1225 62 1463 10.265 130 27.02 <0.001 0.76 (0.40, 1.11)
SF-36 SF score -0.56 68 20.66 426 62 2074 4818 130 41.44 0.186 0.23 (-0.11, 0.58)
SF-36 RE score 1.55 68 33.50 6.44 62 2245 4895 130 57.59 0.333 0.17 (-0.18, 0.51)
SF-36 MH score -159 68 1544 1142 62 1512 13.008 130 30.61 <0.001 0.85 (0.49, 1.20)
Frailty score 013 68 057 -0.48 62 078 -0.616 130 1.36 <0.001  -0.90 (-1.26, -0.54)

(Figure 6A-I and Table 2). The frailty status of the partici-
pants in the EG was worse than that in the CG before the
intervention. After the intervention, there was a significant
improvement in the Fried frailty index and phenotype of
frailty in the EG, whereas there was no significant change in
the CG compared with the baseline value. Compared with
those in the CG, the Fried frailty index and phenotype of
frailty in the EG were significantly alleviated after the
intervention (Figure 6] and K and Table 2).

Discussion

Frailty is a complex and age-related condition that leads to
an increased risk of falls or other adverse events in older

adults [2, 10]. Multicomponent exercise intervention is the
first-line therapy for the management of frailty [15, 16].
However, the best exercise prescription that is specific and
implementable for frail older adults is still unknown. In
this study, we employed an intention-to-treat analysis to
evaluate the overall effectiveness of the wearable-sensor-
assisted multicomponent exercise program in a practical
setting involving frail older adults. This analysis demon-
strated benefits for physical fitness, cognition, quality of life
and clinical symptoms of frailty among community-residing
older adults with frailty. In addition, a per-protocol analysis,
focusing exclusively on participants who fully adhered to
the intervention, is crucial for understanding the program’s
efficacy under optimal conditions and preventing potential
dilution of the treatment effect due to noncompliance.
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Figure 4: The effects of the multicomponent exercise program on the SFT results of participants in each group. At baseline, there was no difference in the
distance walked (A), walking speed (B), and stride length (C) of the 6MWT; back scratch (D); chair sit and reach (E); 30 s arm curl (F); 30 s sit-to-stand test
(G); and TUG (H) between the EG and CG. After the intervention, all SFT subtests in the EG and only the 30 s sit-to-stand test (G) of the SFT in the CG were
significantly improved compared with those at baseline. Compared with those in the CG, all SFT subtests were significantly improved in the EG after the

exercise intervention. Mean+SD, *p<0.05, **p<0.01, ***p<0.001.

Therefore, we also conducted a generalized mixed linear
analysis on the data from 51 participants in the CG and 50
participants in the EG who completed the entire study
protocol. The results (presented in Supplementary Table S3)
consistently indicated that the wearable-sensor-assisted
multicomponent exercise program designed in our study
may offer a feasible strategy for the health management of
aging individuals.

There are varying degrees of weakness in multiple
physiological systems of frail older adults [2]. To maximize
the benefits of multicomponent exercise interventions, it is
necessary to stratify the participants on the basis of their
physical function levels. Like the Vivifrail program, our
intervention is stratified on the basis of the total SPPB score
of 7 as the cut-off and follows the exercise training principles
of differentiated cluster training [19, 33]. The adoption of
seated chair-based exercises for participants with SPPB
scores<6 not only meets their exercise demands but also
enhances initiative, safety and compliance [27]. In addition,
what distinguishes this study from previous multicompo-
nent exercise intervention programs is that it offers a variety
of exercise movements for each component that can be
flexibly selected according to the participants’ physical
weaknesses and exercise preferences [18-20, 34]. OEP, a
representative multicomponent exercise program that con-
sists of several strength, endurance, flexibility and balance
exercises supervised by a physiotherapist, has been shown
to be effective in reducing falls among older community-
residing individuals in both group and individual training

[18]. Another well-known exercise intervention is the Vivif-
rail multicomponent intervention, which involves designing
a tiered exercise training program on the basis of physical
function level and fall risk (https://vivifrail.com). Multiple
studies have shown that Vivifrail improves physical fitness,
cognitive performance and fall risk, thereby improving
quality of life in frail older adults [19, 34]. However, both
programs adopt a single-track training approach, with only a
few exercise movements repeated until the end of the
intervention [18, 19, 34]. These single-track training pro-
grams are prone to causing the plateau phenomenon or even
triggering sports injuries; therefore, they may not be the best
training programs for long-term adoption by frail older
adults [33]. Our exercise intervention plan is more in line
with the principles of exercise training, which can elicit the
optimal magnitude of exercise response, amplify adaptation,
avoid local tissue fatigue caused by repetitive single move-
ments and lead to improved exercise performance capabil-
ities of the participants [26].

The phenotypes of frailty are closely associated with
physical fitness, which can be improved through regular
physical activity [10, 14]. Early intervention to alleviate the
decline in functional fitness among frail older adults may
counteract the reduction in physiological reserve capacity
and increase their ability to cope with complex environ-
mental stress [35]. In this study, we adopted both the SPPB
and SFT to comprehensively evaluate changes in physical
function in multiple dimensions, including gait, aerobic ca-
pacity, strength and flexibility of the upper and lower limbs,
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Figure 5: The effects of the multicomponent exercise program on the MoCA-BC scores of participants in each group (A) Radar map of the performance of
frail older adults in each domain of the MoCA-BC before and after the intervention in each group (L) Distribution of participants with normal cognition and
mild cognitive impairment in each group. At baseline, there was no difference in the total score (B), executive function (C), orientation (E), conceptual
thinking (F), calculation (G), delayed recall (H), visuoperception (I), naming (J), and attention (K) scores of the MoCA-BC, except for verbal fluency (D),

between the EG and CG. Compared with those at baseline, the total score (B) and executive function (C), conceptual thinking (F), delayed recall (H) and
visuoperception (I) scores of the MoCA-BC in the EG significantly improved. Compared with those at baseline, only conceptual thinking (F) in the CG

significantly improved, and verbal fluency (D) significantly weakened. Compared with those of the CG, the total score (B) and delayed recall (H) scores of
the MoCA-BC were significantly improved, and the degradation of verbal fluency (D) was delayed in the EG after the exercise intervention. Mean+SD,

#p<0.05, **p<0.01, ***p<0.001.

speed, agility, and balance [21, 22]. The significant improve-
ment in all the SFT components suggests that our progressive
multicomponent exercise intervention can be used to
improve the physical fitness of frail older adults. In addition,
gait plasticity impairment increases fall risk and is an early
frailty biomarker, which highlights the necessity of gait
training for frailty in older adults [9]. The consistently sig-
nificant improvements in gait-related outcomes observed in

both the SPPB and the SFT in our study may be attributable to
the integration of Ambulosono wearable-sensor-assisted gait
training with multicomponent exercise. The key character-
istic of Ambulosono’s stride gait training is integrating
musical rewards with walking movements, as music can be
played only when the stride length reaches the prescribed
threshold during the training process. This kind of music-
rewarded stimulation was reported to cause neuroplasticity
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Figure 6: The effects of the multicomponent exercise program on the SF-36 scores and frailty of participants in each group (A) Radar map of the
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intervention. Mean+SD, *p<0.05, **p<0.01, ***p<0.001.

in the limbic corticostriatal system, thereby promoting the
active adjustment of stride length and enhancing walking
abhility [36]. Ambulosono’s stride gait training also helps to
maintain the target training intensity by specifying the
stride length, which may be more suitable for multi-
medicated frail older individuals than monitoring heart rate
during exercise, as many medicines may affect the heart rate

and thus interfere with the judgment of exercise intensity.
However, to clarify the key role of wearable sensors on the
improvement of gait plasticity in frail older adults, it is
necessary to further explore whether wearable-sensor-
assisted multicomponent exercise is better than multicom-
ponent exercise without wearable sensors. In addition, our
results suggest that the TUG test might be more sensitive
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than the balance test of the SPPB in terms of evaluating
balance ability, which may explain why an increasing
number of studies regard the TUG test as an important in-
dicator for evaluating the risk of falling [24, 37].

Frailty in older adults manifests not only as a decline in
physical function but also as a decline in cognitive function.
The concurrent presentation of physical frailty and neuro-
cognitive decline may constitute a bidirectional risk nexus
for accelerated neurodegeneration trajectories and geriatric
functional decline syndromes in aging populations [11]. The
overall health condition of older adults is frequently linked
to cognitive impairments, as cognitive function always de-
creases with increasing frailty status [38]. Emerging physical
decline and prefrail status may serve as clinically detectable
prodromal markers of occult neurodegenerative cascades in
aging populations [12]. Therefore, early identification of
frailty and early intervention in frail older adults with
cognitive decline are critical. In this study, cognitive-motor
dual-task training was added during the maintenance/
adjustment stage of the multicomponent exercise interven-
tion, and the MoCA-BC was used to evaluate the participants’
cognitive ability. Some studies have suggested that
improving physical frailty may have an impact on cognitive
outcomes and even potentially delay or reverse cognitive
decline [11]. Indeed, a 12-week Vivifrail exercise program has
demonstrated efficacy in enhancing cognition in frail,
cognitively impaired community-residing older adults [34].
Similarly, our research revealed that, along with multiple
improvements in physical fitness, the cognitive ability of the
participants in the EG significantly improved, mainly man-
ifested as delayed degradation of verbal fluency and
improved delayed recall ability. Although the pathophysio-
logical interdependencies between frailty syndrome and
cognitive degeneration remain complex, our findings sug-
gest that they may share a common developmental trajec-
tory and that early interventions, such as multicomponent
exercise programs for frailty, may be effective strategies for
preventing cognitive decline [38].

As frailty is a geriatric-related condition, progressive
functional decline is associated with decreased physical ac-
tivity and increased occurrence of adverse events such as
falls, hospitalization, and institutionalization, hindering the
capacity of frail older adults to maintain independence and
social engagement [2]. Maintaining and improving the
quality of life of frail older adults can make their later life
more dignified and meaningful and lighten the burden on
families and societies, which is in line with the global healthy
aging goals proposed by the WHO [3]. Therefore, quality
of life is an important aspect for evaluating the effects of
interventions for frail individuals. The results of the SF-36 in
this study showed that this progressive multicomponent
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exercise program can improve the quality of life of frail
older adults in terms of both physical and mental health. Our
results are in line with those of previous studies, which
suggested that multicomponent exercise contributes to
physical and mental well-being and improves quality of life
in frail individuals with different diseases [39, 40]. The
effective improvement in quality of life provides favorable
support for the promotion of this multicomponent exercise
program in community-residing frail older adults. On the
one hand, participants can realize the continuous improve-
ment of their physical functions with the gradual increase in
the intensity of exercise, resulting in increased exercise ef-
ficacy and positive exercise outcome expectations. On the
other hand, the design of multiple movements for each
component allows participants to choose suitable exercise
movements individually and increases their enthusiasm to
participate in sports, and group-based training during the
intervention helps enhance participants’ social interaction
and belonging.

Our study has several limitations that need to be
considered. First, our study is not a multicenter, large-
sample randomized controlled trial, and the placebo con-
trol group for exercise intervention without the use of a
wearable device was missing, which may affect the scope
of the conclusions. Secondly, the multiple movements for
each exercise component also increase the difficulty of
maintaining consistent exercise intensity among in-
dividuals, which requires particularly experienced
coaches to conduct the intervention. Finally, only 12 weeks
of exercise intervention were conducted in this study,
which cannot provide information on the compliance and
intervention effects of individuals with frailty after longer
interventions.

Conclusions

The progressive wearable-sensor-assisted multicomponent
exercise program designed in this study increases physical
fitness, cognitive ability, the quality of life and relieves
clinical symptoms of frailty in frail older adults, which may
provide a feasible program for the health management of
local frail communities.
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