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Abstract

The specific postural control systems associated with falls and frailty in older adults remain
poorly understood. This study aimed to examine whether postural control systems are
associated with, and can predict, the presence of falls over a 1-year period and frailty
after 1 year. We conducted a prospective cohort study involving 127 community-dwelling
older adults. Balance was assessed using the Brief-Balance Evaluation Systems Test, and
frailty was determined according to the Cardiovascular Health Study criteria. Data were
collected at baseline and 1-year follow-up. The results suggested that lower baseline scores
in anticipatory postural adjustments (APA) and gait stability were related to falls, and
that a decrease of >2 points in gait stability assessed by the Timed Up and Go test may
indicate the presence of falls. At baseline, several postural control systems—biomechanical
constraints, stability limits/verticality, APA, postural responses, and gait stability—were
significantly associated with frailty status after 1 year. Furthermore, 1-year declines in sen-
sory orientation and gait stability were also significantly associated with frailty status and
showed potential predictive ability for it. These preliminary findings suggest that specific
systems of postural control may be differentially related to falls and frailty, supporting
outcome-specific approaches to intervention.

Keywords: postural control; older adults; fall; frailty; Brief-BESTest

1. Introduction

Japan is becoming one of the world’s fastest ageing societies, with nearly 30% of
individuals aged >65 years [1]. This demographic shift has led to a significant increase in
social security expenditures, including healthcare and long-term care costs, highlighting
the importance of maintaining independent living among older adults. In this context,
numerous public health initiatives and studies have focused on preventing frailty, which is
a preclinical stage that precedes the need for long-term care. Among the various factors
contributing to long-term care dependency, falls associated with a decline in physical
function play a significant role [2]. Frailty, which is most often assessed within the phys-
ical frailty domain, is also recognised as a risk factor for falls [3,4]. Conversely, falls can
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lead to restricted mobility and social participation, thereby accelerating the progression
of frailty [5]. Additionally, concerns about falling have been reported to negatively affect
physical activity and may further exacerbate frailty [6]. These findings suggested a bidi-
rectional and potentially causal relationship between frailty and falls. Poor balance, an
age-related deterioration in physical function, is not only a risk factor for falls but may also
lead to reduced physical activity, thereby contributing to the development of frailty. In
other words, impaired postural control can be a factor in falls and frailty; however, how it
contributes to each of these outcomes remains unclear.

Many studies have evaluated balance function impairment using composite scores
of balance assessment scales without conducting a detailed assessment of balance func-
tion. In this context, the Balance Evaluation Systems Test (BESTest), which identifies
the underlying postural control systems responsible for poor balance function [7], has
recently been utilized in clinical practice. The BESTest is a comprehensive clinical tool
that evaluates six systems of postural control: (1) Biomechanical constraints (e.g., ankle
strength), (2) Stability limits/verticality (e.g., functional reach), (3) Anticipatory postural
adjustments (APA, e.g., single-leg stance), (4) Postural responses (e.g., backward push-
and-release), (5) Sensory orientation (e.g., standing with eyes closed), and (6) Gait stability
(e.g., Timed Up and Go [TUG] test). Although the BESTest requires substantial time to
administer due to its complexity, it enables clinicians to analyze distinct components of
balance performance. Marques et al. [8] reported that both the BESTest and its abbreviated
versions, the Mini-BESTest [9] and the Brief-BESTest [10], were significantly associated
with fall history in the past year. These findings indicate that abbreviated tools such as the
Brief-BESTest, which evaluates six systems of postural control, may also provide insight
into specific aspects of balance function related to fall risk. Shinohara et al. [11] found
that the postural response domain of the Brief-BESTest was particularly associated with
fall history in older adults. However, these cross-sectional studies only evaluated falls
over the past year. Magnani et al. [12] demonstrated that the BESTest and Mini-BESTest
accurately predicted prospective falls over 6 months and proposed age-stratified cutoff
values for fall risk prediction in community-dwelling older Brazilian adults. In their study,
the predictive ability of the total score of a balance scale for 6-month fall risk was examined;
however, no detailed analysis was conducted for each individual system of postural control.
While these normative data from older Brazilian adults provide valuable reference values,
complementary research using local data is important to confirm their applicability in
different populations.

Regarding frailty, Marques et al. [13] reported that physically frail older adults showed
significantly lower total and subscale scores on the BESTest in a cross-sectional study,
indicating that this test can detect subtle deficits not captured by force plate analyses.
However, all postural control systems evaluated using the BESTest were associated with
frailty, and the specificity of each system in relation to frailty could not be demonstrated.
Shinohara et al. [14] reported that frail older women, assessed using a multidimensional
frailty assessment tool, exhibited notable impairments in specific subsystems (also reflected
in the item components of the Brief-BESTest), such as stability limits, anticipatory postural
adjustments, sensory orientation, and gait stability.

Despite these important findings, most previous studies have employed cross-sectional
designs, and prospective cohort studies remain scarce. Moreover, although changes in
balance function have been examined in populations with specific conditions such as
stroke [15], Parkinson’s disease [16], and hospitalised patients [17], there is a lack of
longitudinal studies focusing on changes in the postural control system in community-
dwelling older adults. If it becomes clear which postural control systems predict frailty or
falls, addressing the decline in these specific systems could help prevent falls and frailty.



J. Ageing Longev. 2025, 5, 45

30f13

However, no cohort study has examined whether postural control systems are associated
with, and can predict, the presence of falls over a 1-year period and frailty status after 1
year. Furthermore, investigating whether 1-year changes in each postural control system
predict these outcomes could provide stronger evidence for a causal relationship between
balance system decline and the development of falls or frailty. Such evidence would help
to identify specific systems that should be prioritized as targets for interventions.

We hypothesized that certain postural control systems, assessed at baseline and
through their 1-year changes, are associated with and predict the presence of falls over
a l-year period and frailty status after 1 year, and that the systems involved may differ
between the two conditions. Regarding frailty, we focused on physical frailty, which is
considered to be the factor most strongly associated with falls. Therefore, this study aimed
to investigate whether the six systems of postural control, assessed using the Brief-BESTest,
are associated with and predict the presence of falls over a 1-year period and frailty status
after 1 year among community-dwelling older adults. Notably, this study was designed as
a preliminary investigation to provide evidence supporting the validity of future large-scale
cohort studies in this field.

2. Materials and Methods
2.1. Study Design

This two-wave cohort study was conducted between January 2022 and September
2025. Written informed consent to participate in the entire cohort study was obtained from
all participants prior to their enrolment.

Ethical approval was obtained from the Research Ethics Committee of Takasaki Uni-
versity of Health and Welfare (approval nos. 2216, 2240, and 2358).

2.2. Participants

At baseline, 177 community-dwelling older adults aged >60 years were assessed. Of
these, 127 completed the baseline and 1-year follow-up assessments and met the inclusion
criteria. Data were collected from six public community centers in Takasaki City, Gunma
Prefecture, Japan. Public community centers are community-based spaces established by
local governments where activities, such as volunteer-led exercise classes for older adults,
are held. The inclusion criteria were as follows: (1) independence in basic activities of
daily living, (2) ability to leave home independently, including visiting community centers,
(3) ability to ambulate indoors without assistive devices such as canes, and (4) absence of
missing data in the variables included in the analysis. Individuals with severe cognitive
impairment, progressive neurological diseases, or unstable medical conditions were ex-
cluded in the baseline and follow-up assessments. Table 1 describes the characteristics of
the participants. At baseline, age, sex, and medical conditions were recorded, allowing
participants to report more than one medical condition. Cognitive function was assessed
using the Rapid Dementia Screening Test (RDST) [18,19]. The RDST consists of two subtests:
(1) a verbal fluency task (“supermarket” category), in which participants are asked to name
as many items as possible that can be purchased in a supermarket within one minute, and
(2) a numeral conversion task, in which participants convert Arabic numerals into their
written word form, or vice versa [18].
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Table 1. Characteristics of the participants.

N =127

Age, mean (£SD) 74.5 (£7.3)
Gender (Female), n (%) 99 (78.0%)
RDST, median (25th-75th percentile) 11.0 (10.0-12.0)
Days from baseline to follow-up, mean (+SD) 370.0 (18.2)
Morbidity

Hypertension 20 (15.7%)

Cardiac disease 9 (7.1%)

Diabetes mellitus 8 (6.3%)

Cancer 8 (6.3%)

Fracture 6 (4.7%)

SD, standard deviation; RDST, rapid dementia screening test.

Data were collected at two waves: baseline (January 2022 to September 2024) and
12-month follow-up (January 2023 to September 2025). At both waves, the assessments
included falls, balance function, and frailty status. Formal sample size calculations were
not performed prior to the study. The number of participants was determined using
available data. Longitudinal data were collected between January 2022 and September
2025 as part of an ongoing community-based cohort project. All eligible participants with
complete baseline and 1-year follow-up assessments were included in the present analysis.
This study was conceived as part of a series of investigations, with the present analysis
serving as an initial step towards informing and facilitating the design of future large-scale
cohort studies.

2.3. Assessment
2.3.1. Fall Assessment

At follow-up, falls were assessed by asking the question, “Have you experienced
any falls in the past year?” Falls were defined according to the World Falls Guidelines
as “an unexpected event in which the participant comes to rest on the ground, floor, or
lower level” [20]. Participants who reported one or more of these events were classified
as having a history of falls. The same fall assessment was conducted at baseline; however,
the participants were not asked to record the number of falls during the follow-up period,
and the evaluation was based on their recall of the past year. If participants were uncertain
about the criteria for a fall or the circumstances of their fall, they were encouraged to ask
the researchers for clarification. We did not exclude falls based on their underlying causes
(e.g., medical events or external factors).

2.3.2. Assessment of Balance Function

Balance was evaluated using the Brief-BESTest [10], a validated and condensed version
of the original Balance Evaluation Systems Test. All assessments were conducted by
licensed physical therapists who had received training on the Japanese version of the
instrument [21]. The Brief-BESTest consists of eight items grouped into six components
(Section S1: biomechanical constraints; S2: stability limits/verticality; S3: anticipatory
postural adjustments; S4: postural responses; S5: sensory orientation; and S6: gait stability).
Each item was scored on a 4-point scale (0-3), resulting in a total score ranging from 0 to
24. Among these, S3 and S4 involved bilateral assessments, and the scores were recorded
separately for the better- and poorer-performing limbs. The test items included (S1) lateral
strength of the hip/trunk; (S2) forward functional reach; (S3B) single-leg stance on the
better side; (S3P) single-leg stance on the poorer side; (54B) compensatory lateral stepping
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on the better side; (54P) compensatory lateral stepping on the poorer side; (S5) standing
with eyes closed on a foam surface; and (S6) the TUG test.

2.3.3. Physical Frailty Assessment

Physical frailty status was evaluated using the Japanese version [22] of the Cardiovas-
cular Health Study (J-CHS) criteria [23]. The J-CHS assesses frailty based on the following
five clinical indicators: unintentional weight loss, exhaustion, low physical activity, slow
gait speed, and weak grip strength. Participants were categorised as robust (meeting
none of the indicators), pre-frail (meeting one or two indicators), or frail (meeting three or
more indicators).

2.4. Statistical Analysis

The participants were categorised into fallers and non-fallers based on the presence
or absence of falls reported at the follow-up assessment. Participants identified as frail at
follow-up were defined as frail, whereas all others were defined as non-frail in accordance
with previous studies that dichotomized frailty status to predict frailty characteristics in
populations [24,25].

Participant characteristics were compared between fallers and non-fallers as well as
between frail and non-frail individuals. Group differences were examined using t-tests or
Mann-Whitney U tests for continuous variables and chi-square tests or Fisher’s exact tests
for categorical variables, depending on the distribution.

To examine whether each item of the Brief-BESTest at baseline and its 1-year change
are associated with the presence of falls over a 1-year period and frailty status after 1 year,
the baseline scores and 1-year changes (calculated as the follow-up score minus the baseline
score) for each item were treated as variables of interest. Differences between groups (fallers
vs. non-fallers and frail vs. non-frail) were assessed using the Mann-Whitney U test. The
p values were adjusted for multiple testing using the Benjamini-Hochberg false discovery
rate correction. In addition to group comparisons, effect sizes were calculated to assess the
magnitudes of the differences. Effect sizes were calculated based on the following variable
types: Cohen’s d for age, Cramér’s V for sex, and Pearson’s r for the Brief-BESTest scores.
Effect sizes were interpreted according to Cohen’s conventional thresholds, with 0.2, 0.5, and
0.8, indicating small, medium, and large effects for Cohen’s d; 0.1, 0.3, and 0.5 for Pearson’s r;
and 0.1, 0.3, and 0.5, respectively, for Cramér’s V in the 2 x 2 contingency tables [26].

Receiver operating characteristic (ROC) curve analysis was used to assess the pre-
dictive performance of each item of the Brief-BESTest, including sensitivity, specificity,
minimal important change (MIC) values, and the area under the curve (AUC). In this
study, we applied ROC analysis to both baseline scores and 1-year changes in each postural
control system to identify optimal cutoff values for classifying participants one year later as
fallers or non-fallers and as non-frail or frail. The AUC was classified as Failure (<0.6), Poor
(0.6-0.7), and Fair (0.7-0.8) [27]. Following the approach described by Turner et al. [28],
ROC analyses were conducted using the entire cohort to improve the precision and in-
terpretability of minimally important change (MIC) values. The AUCs between balance
systems were compared using established statistical methods [29]. To obtain confidence
intervals (CIs) for the ROC-based statistics, 1000 bootstrap replications were performed.
For each resampling, we computed the AUC, sensitivity, and specificity corresponding to
the optimal cutoff score. The average of the bootstrap estimates was adopted as the point
estimate, and the 95% CI was calculated using 1.96 times the standard deviation of the 1000
bootstrap estimates, in line with previous reports [30].

All statistical analyses were performed using R version 4.3.1 (R Foundation for Statis-
tical Computing, Vienna, Austria). Statistical significance was set at p < 0.05. Generative



J. Ageing Longev. 2025, 5, 45

6 of 13

artificial intelligence (ChatGPT, GPT-5 model, OpenAl, San Francisco, CA, USA; version
released in 2025; accessed in September 2025) assisted in writing the analysis code. No
content generated by the tool itself was used without human review, and all statistical
analyses and interpretations were performed solely by the authors.

3. Results
3.1. Overview of the Follow-Up

Of the 177 participants assessed at baseline, 127 (71.8%) completed follow-up and
were included in the analyses. Among them, 32 (25.2%) had experienced at least one
fall during the year. The mean age (£SD) was 74.2 £ 7.4 years in the non-faller group
and 75.6 & 7.3 years in the faller group, with no significant difference observed (p = 0.365,
Cohen’s d = 0.185). The sex distribution (female/male) was 71/24 in non-fallers and 28/4
in fallers, with no significant difference (p = 0.208, Cramér’s V = 0.100). The median RDST
score (interquartile range) was 11.0 (10.0-12.0) in non-fallers and 11.5 (9.0-12.0) in fallers,
with no significant difference observed (p = 0.974, r = 0.003).

At follow-up, frailty was observed in 10 individuals (7.9%). The mean age (£SD) was
74.1 £ 7.1 years in the non-frail group and 79.9 £ 8.3 years in the frail group, with no
significant difference (p = 0.056, Cohen’s d = 0.808). The sex distribution (female/male)
was 91/26 in the non-frail group and 8/2 in the frail group, again showing no significant
difference (p = 1.000, Cramér’s V = 0.000). The median RDST score (interquartile range)
was 11.0 (10.0-12.0) in the non-frail and 10.0 (8.0-11.0) in the frail group, with no significant
difference observed (p = 0.086, r = 0.152).

3.2. Associations Between Falls and Balance Functions

In the comparison between non-fallers and fallers, significant differences were ob-
served at baseline for items S3B, S3P, and S6 of the Brief-BESTest (Table 2). The largest
effect size was found for S3P (r = 0.253), but all effect sizes were below 0.3. No significant
differences were observed for any of the items in the 1-year change.

Table 2. Difference for the Brief-Balance Evaluation Systems Test between non-fallers and fallers.

Item NO: :“;;l;ers l:1al=1§r25 p-Value + Effec: Size
S1 3.0[1.0-3.0]  2.5[0.8-3.0] 0.559 0.086
S2 2.0[2.0-3.0]  2.0[2.0-2.2] 0.559 0.077
S3B 3.0[3.0-3.0]  3.0[1.0-3.0] 0.036 * 0.194
, S3P 3.0[2.0-3.0]  1.5[1.0-3.0] 0.018 * 0.253
Baseline S4B 3.0[3.0-3.0]  3.0[2.0-3.0] 0.275 0.107
S4p 3.0[2.0-3.0]  2.0[2.0-3.0] 0.054 0.187
S5 3.0[2.0-3.0]  3.0[2.0-3.0] 0.947 —0.005
S6 3.0[3.0-3.0]  3.0[2.0-3.0] 0.045 * 0.159
S1 0.0[—1.0-0.0] 0.0[—1.0-1.0] 0.697 0.062
S2 0.0 [0.0-0.0] 0.0 [0.0-0.0] 0.723 0.039
S3B 0.0[0.0-0.0]  0.0[0.0-0.0] 0.697 —0.043
One-year S3P 0.0[0.0-0.0]  0.0[0.0-0.0] 0.559 —0.080
change S4B 0.0[0.0-0.0] 0.0 [0.0-0.0] 0.697 —0.043
s4p 0.0[—0.5-0.0] 0.0[—0.2-0.0] 0.767 —0.033
S5 0.0[0.0-0.0] 0.0 [—1.2-0.0] 0.159 0.151
S6 0.0[0.0-0.0] 0.0 [0.0-0.0] 0.947 0.004

S1, lateral strength of the hip/trunk; S2, forward functional reach; S3B, single-leg stance on the better side; S3P,
single-leg stance on the poorer side; S4B, compensatory lateral stepping on the better side; S4P, compensatory
lateral stepping on the poorer side; S5, standing with eyes closed on a foam surface; S6, the Timed Up and Go
(TUG) test. *, p < 0.05; 1, each item was analyzed using the Mann-Whitney U test. Multiple comparisons were
adjusted with the Benjamini-Hochberg procedure.
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3.3. Associations Between Physical Frailty and Balance Functions

In the comparison between the non-frail and frail groups, significant differences were
found at baseline for items S1, S2, S3B, S3P, S4P, and S6 (Table 3). Only S3P had an effect size
greater than 0.3 (r = 0.309). For the 1-year change, S5 and 56 showed significant differences;
however, the effect sizes for both were less than 0.3.

Table 3. Difference for the Brief-Balance Evaluation Systems Test between non-frail and frail.

Item N(:1n=F;;1;1ty I;ra:lltg p-Value t Effec: Size
S1 3.0 [1.0-3.0] 0.0 [0.0-1.0] 0.003 * 0.259
s2 2.0 [2.0-3.0] 2.0 [2.0-2.0] 0.026 * 0.191
S3B 3.0 [3.0-3.0] 1.0 [1.0-2.5] 0.001 ** 0.261
, S3P 3.0 [2.0-3.0] 1.0 [1.0-1.0] 0.001 ** 0.309
Baseline S4B 3.0 [3.0-3.0] 2.5 [2.0-3.0] 0.050 0.144
s4p 3.0 [2.0-3.0] 1.5 [0.2-2.0] 0.001 ** 0.272
S5 3.0 [2.0-3.0] 2.0 [1.0-3.0] 0.100 0.133
S6 3.0 [3.0-3.0] 2.0 [2.0-2.8] 0.000 ** 0.259
S1 0.0[-1.0-0.0] 0.0[—0.8-0.8] 1.000 —0.003
S2 0.0 [0.0-0.0] 0.0 [0.0-0.0] 1.000 0.006
S3B 0.0 [0.0-0.0] 0.0 [0.0-0.0] 1.000 0.000
One-year s3p 0.0[0.0-0.0]  0.0[—0.8-0.0] 0.573 0.056
change S4B 0.0[0.0-0.0]  0.0[—0.8-0.0] 0.285 0.086
S4p 0.0[0.0-0.0]  0.0[—0.8-0.0] 1.000 0.000
S5 0.0[0.0-0.0] —1.0[—2.0-0.0] 0.010 * 0.219
S6 0.0[0.0-0.0] —0.5[—2.0-0.0] 0.002 ** 0.205

S1, lateral strength of the hip/trunk; S2, forward functional reach; S3B, single-leg stance on the better side; S3P,
single-leg stance on the poorer side; S4B, compensatory lateral stepping on the better side; S4P, compensatory
lateral stepping on the poorer side; S5, standing with eyes closed on a foam surface; S6, the Timed Up and
Go (TUG) test. *, p < 0.05; **, p < 0.01; * Each item was analyzed using the Mann-Whitney U test. Multiple
comparisons were adjusted with the Benjamini—-Hochberg procedure.

3.4. Predictive Ability of 1-Year Changes Anchored to Fall Status

Based on the ROC analyses using each item of the Brief-BESTest to discriminate fallers,
all AUC values, except for S5, were below 0.6, indicating low discriminatory ability (Table 4).
In the estimation of the MIC, item S6 showed an MIC of —1.285 (95% CI: —2.296 to —0.273),
suggesting that a decline of at least 2 points was associated with falling. However, the AUC
was low (0.504), and the sensitivity of this method was also very low (0.159). For the other
items, the MIC estimates ranged from negative to positive, indicating that score reductions
did not consistently correspond to the presence of falls.

Table 4. Discrimination of fall status based on changes in the Brief-Balance Evaluation Systems
Test scores.

Item AUC (95%CI) MIC (95%CI) Sensitivity (95%CI) Specificity (95%CI)
s1 0.542 (0.424-0.661) 0773 (—2486-0941) 0397  (0.021-0.773) 0753  (0.384-1.000)
S2 0.537 (0.452-0.622) —0.152 (—1.086-0.782) 0.454 (0.000-1.000) 0.634 (0.000-1.000)

S3B 0.489 (0.399-0.578) —0.812 (—1.786-0.161) 0.188 (0.000-0.463) 0.878 (0.632-1.000)

S3P 0467 (0.379-0.555) 0931 (-2.329-0467) 0245  (0.000-0.827) 0798  (0.219-1.000)

S4B 0.477 (0.385-0.569) —1.266 (—3.581-1.048) 0.219 (0.000-0.833) 0.842 (0.216-1.000)

54P 0.489 (0.393-0.585) —0.208 (—2.457-2.041) 0.472 (0.000-1.000) 0.591 (0.000-1.000)
S5 0.601 (0.498-0.704) 0698  (-2.154-0758) 0438  (0.000-0.908) 0743  (0.236-1.000)
S6 0.504 (0.410-0.599) -1285 (—2.296-—0.273)  0.159 (0.000-0.346) 0.947 (0.797-1.000)

AUC, area under the receiver operating characteristic curve; CI, confidence interval; MIC, minimal important
change. S1, lateral strength of the hip/trunk; S2, forward functional reach; S3B, single-leg stance on the better side;
S3P, single-leg stance on the poorer side; S4B, compensatory lateral stepping on the better side; S4P, compensatory
lateral stepping on the poorer side; S5, standing with eyes closed on a foam surface; S6, the Timed Up and Go
(TUG) test.



J. Ageing Longev. 2025, 5, 45 8of 13

3.5. Predictive Ability of 1-Year Changes Anchored to Frail Status

The AUC values for S5 and S6 were >0.70, indicating fair discriminative ability
(Table 5). Among them, S5 demonstrated fair discriminative ability, with a sensitivity of
0.638 and a specificity of 0.777. However, the MIC estimates for individual items did not
sufficiently support a clear relationship between score reduction and frailty.

Table 5. Discrimination of frail status based on changes in the Brief-Balance Evaluation Systems
Test scores.

Item AUC (95%CI) MIC (95%CI) Sensitivity (95%CI) Specificity (95%CI)
S1 0.497 (0.317-0.677) 0.280 (—2.781-3.341) 0.684 (0.058-1.000) 0.458 (0.000-1.000)
2 0.540 (0.395-0.686) 0200 (~1.099-0.699) 0479  (0.000-1.000)  0.655  (0.034-1.000)

S3B 0.524 (0.379-0.669) —0.948 (—2.345-0.448) 0.318 (0.000-0.879) 0.822 (0.228-1.000)

S3pP 0.563 (0.421-0.705) —0.011 (—0.991-0.969) 0.706 (0.122-1.000) 0.439 (0.000-1.000)

S4B 0.592 (0.448-0.736) —0461  (~1.818-0.895) 0502  (0.000-1.000)  0.670  (0.000-1.000)

S4P 0.507 (0.310-0.703) —0.191 (—2.804-2.422) 0.514 (0.000-1.000) 0.620 (0.000-1.000)
S5 0.734 (0.593-0.875) —0.598 (—1.519-0.323) 0.638 (0.305-0.970) 0.777 (0.452-1.000)
S6 0.716 (0.543-0.889) 0981  (-2.029-0.067) 0490  (0.150-0.830) 0925  (0.747-1.000)

AUC, area under the receiver operating characteristic curve; CI, confidence interval; MIC, minimal important
change. S1, lateral strength of the hip/trunk; S2, forward functional reach; S3B, single-leg stance on the better side;
S3P, single-leg stance on the poorer side; S4B, compensatory lateral stepping on the better side; S4P, compensatory
lateral stepping on the poorer side; S5, standing with eyes closed on a foam surface; S6, the Timed Up and Go
(TUG) test.

4. Discussion

In this study, we hypothesized that certain postural control systems, assessed at
baseline and throughout their 1-year changes, were associated with falls and predict the
presence of falls and frailty after 1 year and that the systems involved may differ between
the two conditions. Our analysis revealed that baseline scores for the subsystems of APA
and gait stability were associated with falls. Moreover, a decline in walking ability over 1
year was associated with the presence of falls, and MIC analysis suggested that a decrease
of 2 or more points in item S6 may serve as a potential indicator of falls, although the
predictive accuracy was limited. At the same time, several postural control systems at
baseline were significantly associated with frailty status after 1 year. Finally, declines in
sensory orientation and gait stability were also significantly associated with frailty status
after 1 year and demonstrated predictive value.

The 1-year fall incidence rate in the study population was 25.2%. In contrast, a global
meta-analysis reported a fall prevalence of 26.5% [31], while several other studies involving
older Japanese adults have reported 1-year fall rates of 24.3% for at least one fall [32] and
7.1% for recurrent falls (>2 falls) [33]. Although fall rates vary according to population
characteristics, the incidence observed in this study was not unusually high. Conversely,
frailty after 1 year in this study was 7.9%. A systematic review reported a 1-year frailty
transition rate of 4.3% [34], whereas previous Japanese studies reported rates of 2.8% over
3 years [35] and 2.6% over 4 years [36]. The slightly higher rate observed in our study may
be attributable to the older age of our participants compared with those in previous studies.
It is well established that the risk of transition to frailty increases with age [37]. Moreover,
at baseline, there were no significant differences in age, sex, or cognitive function between
the non-faller and faller groups or between the non-frail and frail groups. Thus, the risk of
selection bias related to the presence of falls or frailty was relatively low.

In the analysis of fall-related outcomes, lower scores in S3 (single-leg stance: APA)
and S6 (TUG: gait stability) associated with falls occurring within 1 year. Regarding the
single-leg stance, Muir et al. [38] reported that a shorter stance time among various balance
tests was linked to increased fall risk. Similarly, Oliveira et al. [39] demonstrated that the
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behaviour of the center of pressure during a single-leg stance was associated with a fall
history over the previous year. The TUG is widely used as a fall screening tool; however,
its predictive value is limited [40], particularly among women [41,42]. Although the TUG
test is typically evaluated based on the time required (in seconds), the TUG item in the
Brief-BESTest also incorporates an assessment of trunk sway. By combining chronometric
and observational evaluations of postural stability, their association with future falls may
have been better captured in our analysis. Furthermore, MIC analysis suggested that a
2-point decrease in the S6 score could serve as a possible indicator of falls, although the
predictive accuracy was limited. The TUG test requires the most dynamic movements,
including sit-to-stand transitions and turning. Although it has not been clearly established
whether the TUG test has a predictive ability for falls [43,44], our findings suggest that,
among the six postural control systems evaluated, gait stability (as assessed by the TUG
item) showed potential for predicting falls. However, the AUC and sensitivity were 0.504
and 0.159, respectively, indicating limited clinical utility. This may suggest that falls in
our study population were not primarily attributable to measurable declines in balance,
or the Brief-BESTest did not sufficiently detect that balance deterioration relevant to fall
risk. Although the Brief-BESTest does not demonstrate responsiveness to fall events when
used as an anchor, specific balance components (APA and gait stability) can associate with
future falls, suggesting that targeted interventions in these domains may contribute to
fall prevention.

Regarding the physical frailty after 1 year, with the exception of sensory orienta-
tion at baseline, most postural control systems—biomechanical constraints, stability lim-
its/verticality, APA, postural responses, and gait stability—were significantly associated
with frailty status after 1 year. Furthermore, postural responses and gait stability showed
fair discriminative ability for predicting frailty. The frailty assessment used in this study,
the CHS criteria, focuses on physical frailty, including grip strength and gait speed. This
may explain the strong associations observed in balance function. In a cross-sectional study,
Shinohara et al. [14] reported that frail individuals scored lower on the systems for stability
limit, APA, sensory orientation, and gait stability. Similarly, Marques et al. [13] reported
that all six balance components of the full BESTest were impaired in frail individuals. Our
findings support these results. Changes in sensory orientation and gait stability demon-
strated AUC values greater than 0.7, suggesting that preventing the deterioration of these
specific postural control systems may contribute to frailty prevention.

Regarding the associations between balance function and falls/frailty, some relation-
ships evaluated by effect sizes were observed, with values around 0.3 at most, indicating a
moderate magnitude. This suggests that falls and frailty are not solely related to balance
function but also to multiple physical and psychological conditions, highlighting the need
for comprehensive assessment and intervention in clinical practice.

A notable strength of this study was its systematic assessment of postural control
using the Brief-BESTest, in contrast to previous approaches that relied on composite indices
or single balance measures. This comprehensive approach suggested that the involvement
of postural control systems may differ between two health-related outcomes directly
linked to residents” health and quality of life: falls and frailty. While multiple systems
appeared to be associated with frailty, APA and gait stability seemed more closely related
to falls. Furthermore, sensory orientation showed potential predictive ability for frailty,
a relationship that was not observed for falls. These findings indicate that interventions
targeting balance functions for the prevention and improvement of falls and frailty may
need to be tailored specifically to each outcome.

This study had some limitations. First, the small sample size, including only 10 partic-
ipants who were frail at the 1-year follow-up, may limit the precision of the estimates and
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preclude adjustment for potential confounders such as underlying diseases and exercise
habits. Future studies should include larger sample sizes for a more robust analysis. Second,
the follow-up period was relatively short (over 1 year), and long-term associations between
postural control systems, falls, and frailty should be verified in future studies. Third, be-
cause falls were assessed based on the participants’ recall without distinguishing between
single and multiple events, there is a possibility of recall bias and misclassification. In
addition, no specific strategies were implemented to minimize recall bias in the assessment
of falls. Fourth, although data collection was conducted at multiple sites, the geographic
coverage was limited, and participants were recruited from a relatively narrow region of
Japan. To enhance the generalizability of our findings, future studies should include more
diverse and geographically dispersed populations.

The clinical implication of this study is that certain postural control systems, as
assessed by system theory—based balance function scales such as the Brief-BESTest, may
have predictive value for the presence of falls and physical frailty. In particular, a >2-point
decline in the TUG-based item (gait stability) may flag individuals at risk of falling over
1 year; however, the low AUC and sensitivity indicate limited predictive accuracy and
the need for cautious interpretation. Because the systems associated with falls and those
associated with frailty only partially overlap, prevention and intervention may need to be
tailored to the outcome of interest.

5. Conclusions

A 1-year cohort study was conducted among community-dwelling older adults to
examine whether baseline status and 1-year changes in the six systems of postural control
were associated with and could predict the presence of falls over a 1-year period and frailty
status after 1 year. The results suggested that lower baseline scores in APA and gait stability
were related to falls, and that a decrease of >2 points on the TUG-based gait stability
was identified as a significant MIC; however, the low AUC indicates limited predictive
accuracy and clinical utility. At baseline, several postural control systems—biomechanical
constraints, stability limits/verticality, APA, postural responses, and gait stability—were
significantly associated with frailty status after 1 year. Furthermore, 1-year declines in
sensory orientation and gait stability were also significantly associated with frailty status
after 1 year and showed potential predictive ability for it. Taken together, these preliminary
findings suggest that certain systems of postural control may be differentially related to
falls and frailty, highlighting the need for outcome-specific approaches to intervention.
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