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Abstract Passive balance ability (PBA) maintains postural stability on unstable ground. The efficacy of this
compensatory mechanism appears to differ among individuals and may also differ between directions (back—forth vs.
left—right) and sexes, but variations in PBA during ground instability have not been assessed comprehensively under
controlled laboratory conditions. The current study examined both the reproducibility and inter-relations among
center of gravity sway (COGS) variables as measured on a new support-base variation device fluctuating downward
slightly in the back—forth or left—right directions, and further if these variables differ between sexes and directions.
Thirty-one middle-aged and older Japanese individuals participated in this study, including 17 males (mean age +
standard deviation, 61.8 + 8.3 years) and 14 females (56.9 + 9.6 years). Participants were instructed to maintain a
stable standing posture for 1 min on the support-base variation device without the edges contacting an underlying
sensor plate while the device measured COGS variables. Center of gravity variables were measured during two, one-
minute trials separated by a one-min intertrial interval following one practice trial in either the back—forth or left—
right device variation condition. The x-axis and y-axis trajectory lengths, total trajectory length, outer peripheral area,
and rectangular area were selected as COGS variables. There were no significant differences in COGS variables
between trials, but intraclass correlation coefficients (ICCs) were generally higher for the left - right device
condition compared to the back - forth device condition (=0.7 vs. <0.7) with the exception of the y-axis trajectory
length during back—forth device variation (also >0.7). A two-way analysis of variance with main factors, sex and
direction, revealed no significant direction x sex interaction but a significant main effect of direction on COGS
distance variables. Post-hoc tests also revealed that in both sexes, the x-axis and total trajectory lengths were higher
during left-right device variation than back—forth device variation, whereas the y-axis trajectory length was higher
during back—forth device variation than left—right device variation. There were moderate to strong significant
correlations among almost all COGS variables during back—forth device variation (r values ranging from 0.50 to
0.99). The x-axis trajectory during back—forth device variation also correlated moderately with COGS variables
measured during left—right device variation (r values from 0.41 to 0.73), except for rectangular and peripheral areas.
In conclusion, the COGS variables during left-right ground variation and the y-axis trajectory length during back—
forth ground variation can be measured with high reliability. The strong associations among COGS variables for the
same direction but weaker associations between back—forth and left-right COGS variables suggest direction
differences in PBA. In contrast, no significant sex differences in PBA were observed.
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1. Introduction

Human motor abilities, including walking, diminish
with age. Many older individuals find it difficult to walk
and are at risk of falling due to general physical frailty and
age-related muscle loss (sarcopenia). A high risk of falling
may necessitate nursing care [1,2,3], placing added

burdens on the geriatric healthcare system. Japan is
rapidly approaching a super-aging society, so numerous
programs are currently ongoing to extend health life
[4,5,6], such as training for fall avoidance [7,8,9,10]. The
Japanese Orthopedic Association recommends locomotion
training for muscle-strength improvement and fall
prevention [11,12,13].

The causes of falls among the elderly are broadly
divided into passive and active events. Active events
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include bumping into another person and sudden breaking
while standing on a train or bus, while passive events
include tripping while walking or going up and down
stairs. The elderly are at particularly high risk of
stumbling even when traversing ground with only a slight
slope or undulation. Further, these events are not limited
to the outdoors but may occur due to a small level
difference between the entrance and main area of a room
or a slippery area in the kitchen or bathroom. For the
prevention of falls, it is essential to maintain balance in
the standing position.

To date, balance has been evaluated as the ability to
maintain a stable standing posture on static ground (static
balance ability). This static balance can be measured by
one-leg standing with eyes open and eyes closed, the FRT,
or by the ability to maintain a stable posture during
physical movement (active balance ability) such as
balance-beam walking and the timed up & go (TUG) test.
Conversely, the passive balance ability (PBA) needed to
maintain a stable posture when the support-base changes,
such as during a sudden stop while standing in a bus or
sudden movement while stepping on an escalator, has not
been extensively evaluated. Recently, a balance board test
was described in which the subject must maintain a stable
standing posture during manipulation of an unstable
support-base. The ability to maintain PBA on a balance
board is considered distinct from static and active balance
ability [14,15,16,17,18], so to adequately evaluate balance
ability and falling risk among the elderly, it is important to
test PBA in addition to static and active balance ability.
However, the support-base of the aforementioned balance
board moves in every direction, including back—forth and
left-right, because the reverse side of the plate has only a
single pivot point at the center. Hence, the balance board
itself is very unstable. Subjects need to demonstrate both
rapid adaptability and balance ability to maintain a stable
posture, and this task may be very difficult for the elderly,
increasing the risk of falling injury.

Thus, considering safety as the top priority, we
developed a new device in which the plate leans slightly in
either the back—forth or left-right direction (Takei, Tokyo,
Japan), simplifying the balance task as subjects need only
to exert compensatory PBA in these two directions.
Nonetheless, these directional abilities may be distinct
based on skeletomuscular anatomy. The current study
examined the reliability of COGS measures for back—forth
and left-right directions using this device, the inter-
relations among COGS variables, and both sex and

directional differences in PBA among middle-aged and
older adults.

2. Methods

2.1. Participants

The participants in this study were 31 middle-aged and
older Japanese adults (17 males and 14 females) ranging
in age from 40-81 years. All participants received 90 min
of exercise training per week. A preliminary survey
revealed no diseases afflicting the legs or back. None of
the participants had any experience maintaining a standing
position on devices with a varying support base. Table 1
summarizes the baseline demographic and physical
characteristics of the study group stratified by sex
(including age, height, weight, and body mass index
[BMI]). As expected, mean height and weight were
significantly greater among males. In both sexes, height
and weight were well matched to contemporary controls
[19]. Hence, the present participants were considered to be
middle-aged and older adults of normal physique. This
study was approved by the research ethics committee of
the higher education thrust mechanism, Osaka Prefectural
University (2018-2022).

2.2. Measuring Device

The plate of the measuring device has four built-in load
sensors. The signals from the plate, the contact-sensing
plate, and the step mat are sent to a personal computer
through a repeater (A/D converter) and recorded. The
support plate is 300 mm? in area and 72-mm high. The
components are described in Table 2. A typical balance
board (e.g., DYJOC) pivots to a maximal angle in every
direction. However, the device used in this study has a
range of only +2.5° in the back—forth or left-right direction.
Further, the system can calculate the COGS variables, such
as the x-axis and y-axis trajectory lengths, total trajectory
length, outer peripheral area, and rectangular area for either
direction by interfacing with a personal computer
(Windows 10®, >32 bit). The measuring time is 1-600 s,
and the sampling frequency can be set to 10, 20, 50, or 100
Hz. Figure 1 and Figure 2 show the front and reverse sides
of the support plate, which was designed to decline in the
back—forth or left-right direction by a three-boss set on the
center of the reverse side.

Table 1. Demographic and physical characteristics of study participants stratified by sex

Males

Females

(N=17) (N = 14) t p Cohen'sd
M SD M SD
Age (years) 61.8 8.3 56.9 96 1525 0.138 057
Height (cm) 168.1 72 158.3 46 4395 0.000% 1.64
Weight (kg) 675 113 525 6.1 4727 0.000% 167
BMI: body mass 2338 3.0 21.0 26 2.793 0.009% 1.04

index (kg/m?)

*p<0.05
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Table 2. Components of the new balance measurement system

Style Weight Size Quantity
Support plate 11.1 kg 300(W) x 300(D) x 72(H)mm 1
Contact-sensing plate 0.1kg 100(W) x 300(D) x 5(H)mm 2
Step mat 0.1 kg 100(W) x 300(D) x 5(H)mm 2
Repeater 4.3kg 430(W) x 270(D) x 60(H)mm 1
Horizontal block 2.1kg 300(W) 2

Figure 2. Reverse side of the plate showing the pivot points

2.3. Measurement Method

The participants stood on the support plate of the
measurement device (Figure 3), which leans slightly along
the y-axis (back—forth) or x-axis (left-right) depending on
lengthwise orientation (Figure 4 and Figure 5), and are
instructed to maintain a stable standing posture for 1 min
without letting the support plate edge contact a lower
contact-sensing plate. During a measurement, participants
maintained an open-leg standing position with the toes of
both feet aligned to the plate edge and hands on hips.
After the tester confirmed the subject’s stable posture on
the support plate, the measurement started. When the
support plate edges contacted the lower contact-sensing
plate, the participants were notified by a buzzer. After the
buzzer, the subject had to quickly detach the plate edge
from the contact-sensing plate via a compensatory upward
movement. To avoid falls during the measurements, we
deployed spotters on both sides. No participants slipped
off the support plate or fell during the measurement. The
order of back—forth and left-right directions was randomly
presented to each participant within each device variation
block. Directional measurements (Figure 4 and Figure 5)
were acquired during two, one-min trials with a 1-min
intertrial interval following one practice trial in the same
direction. The data were recorded at a sampling frequency
of 50 Hz.

Figure 3. The new balance measurement device

Figure 4. Dynamic balance measurements for the back-forth tilt
direction

Figure 5. Dynamic balance measurements for the left—right tilt direction
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2.4. Center of Gravity Sway (COGS)
Variables

The COGS variables for distance (total trajectory length
and sway amplitude), area (peripheral area and root mean
square value area), position (mean positions of the x-axis
direction and y-axis direction), and variance (standard
deviation of the x-axis direction and y-axis direction) were
measured during trials in which the support base declined
back—forth or left-right as described in previous studies
[14,20,21,22] demonstrating relatively high reliability for
assessment of PBA [23]. In the current study, x-axis and
y-axis trajectory lengths, total trajectory length, outer
peripheral area, and rectangular area were calculated over
1 min and entered into the statistical analyses.

2.5. Statistical Analysis

Statistical analyses were conducted using SPSS
software version 29.0 for Windows (SPSS Inc., Tokyo,
Japan). All parameters are expressed as mean + SD based
on results of the Shapiro—Wilk test for normality. Age,
height, weight, and BMI were compared between sexes by
Student’s t-test, and the size of the mean difference (effect
size) was evaluated by calculating Cohen’s d, where d
<0.2 is considered small, >0.5 moderate, and >0.8 large
[24]. Height and weight were also z-transformed for
comparison to national means [19]. Trial-to-trial reliability
was evaluated by calculating the intraclass correlation
coefficient (ICC), with ICC >0.7 considered good [25].
Differences in COGS variables were evaluated by two-
way ANOVA with main factors sex (Factor 1) and
variation direction (Factor 2), and the effect size (nz) was
calculated. In this study, an n° <0.01 was considered a
small effect size, >0.06 a moderate effect size, and >0.14 a
large effect size [26]. Results were corrected for multiple
comparisons using the Bonferroni method. Relationships
among COGS variables were examined by calculating
Pearson’s correlation coefficient (r). An r value from 0.2
to 0.4 was considered weak, 0.4-0.7 moderate, and 0.7 or
above strong. A p-value <0.05 was considered statistically
significant for all tests.

3. Results

3.1. Trial-to-trial Reliability of the COGS
Variables

Table 3 presents the means of COGS variables
measured during the first and second trials for the
back—forth and left-right device variation conditions as
well as the associated statistical parameters. There were
no significant differences in COGS variables between
trials in either condition and the effect size of trial number
as expressed by Cohen’s d was small in all cases (<0.3).
Moreover, ICCs were >0.7 in the left—right device

variation condition, indicating high reliability across trials.
However, ICCs were <0.7 in the back—forth device
variation condition with the exception of y-axis trajectory
length. Based on these ICC values, the two-trial means
were used for subsequent analyses.

3.2. Sex and Direction Differences in the PBA

Table 4 presents the differences in COGS values
between sexes and direction conditions as assessed by
two-way ANOVA. There was no interaction or main
effect of sex on any COGS variable, but there was a
significant main effect of variation direction on all
distance variables (x-axis, y-axis, and total trajectory
lengths). Further, post-hoc tests using the Bonferroni
method showed that the x-axis trajectory length and total
trajectory length were larger in the left—right device
variation condition than the back—forth device variation
condition for both sexes. Conversely, the y-axis trajectory
length was larger in the back—forth condition than in the
left—right condition for both sexes. The effect sizes of
these differences in x-, y-axis, and total trajectory lengths
were large (x-axis trajectory length = 0.69, y-axis
trajectory length = 0.65, and total trajectory length = 0.15).

3.3. Correlation Coefficients among Age,
Physique, and COGS Variables for
Back—forth and Left—right Variation
Conditions

Given the absence of significant sex differences among
COGS variables, correlation coefficients were calculated
from pooled data. Table 5 presents the correlation
coefficients among age, physique, and COGS variables for
both the back—forth and left-right device variation
conditions. Age was moderately correlated with y-axis
trajectory length (r = 0.52) and total trajectory length (r =
0.49) but weakly with x-axis trajectory length (r = 0.39)
and outer peripheral area (r = 0.36) in the left-right device
variation condition, while BMI was weakly and negatively
correlated with y-axis trajectory length (r = —0.36) and
total trajectory length (r = —0.39) in the back—forth device
variation condition. There were also significant moderate
to strong correlations among all COGS variables in
back—forth and left-right device variation conditions,
except for between the x- and y-axis trajectory lengths
under the back—forth variation condition (r > 0.50), and
among them, especially very strong correlations between
the total trajectory length and the x-axis, and y-axis
trajectory lengths (r = 0.80-0.94), and between the outer
peripheral and rectangular areas (r = 0.98-0.99). Most
COGS variables exhibited significant moderate
correlations between conditions (r = 0.41-0.73), except
that the x-axis trajectory length in the back—forth
condition was not significantly correlated with either
peripheral or rectangular areas in the left—right condition.
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Table 3. Trial-to-trial reliability and mean differences in COGS variables between trials (n = 31)

American Journal of Sports Science and Medicine

1st time 2nd time
M SD M SD t p Cohen’s d ICC
X-axis trajectory length
(mm)
Back-forth device 1606.0 966.27 1378.1 505.74 1.54 0.14 0.30 0.41
direction
Left-right device 2529.2 752.29 2584.3 767.71 0.68 0.50 0.07 0.83
direction
Y-axis trajectory length
(mm)
Back-forth device 2371.1 660.00 2335.1 636.17 0.62 0.54 0.06 0.88
direction
Left-right device 1650.6 540.36 1632.4 548.83 037 0.72 0.03 0.88
direction
Total trajectory length
(mm)
Back-forth device 32855 1058.58 3061.0 773.45 1.65 011 0.24 0.65
direction
Left-right device 34204 945.99 3452.2 956.35 0.35 073 0.03 0.86
direction
Outer peripheral area
(mm?)
Back-forth device 37743 2284.36 3409.1 194321 1.04 031 0.17 0.58
direction
Left-right device 4079.6 1965.02 40915 2046.25 0.05 0.96 0.01 0.74
direction
Rectangular area
(mm?)
Back-forth device 6059.2 4076.49 5298.8 3179.36 1.19 0.24 0.21 0.52
direction
Le“af'ght.de‘”ce 6119.6 2970.10 6057.7 3066.81 0.16 0.88 0.02 0.74
irection
M: Means, SD: standard deviation, t: t-value, ICC: intraclass correlation coefficient
Table 4. Differences in COGS variables between conditions and sexes according to two-way analysis of variance (n = 31)
Back—forth device direction Left-right device direction
M SD M SD F p % Post-hoc
X-axis trajectory length (mm)
Males 1640.8 742.25 2581.6 656.36 F1 084 0.37 003  Males: Back-forth <
Left-right
Females 13114 486.10 25265 827.35 F2 6337 000 * o9  Hemales: Back-forth
< Left-right
IN  1.03 0.32 0.03
Y-axis trajectory length (mm)
Males 23535 696.03 1806.0 549.29 F1 101 0.32 003  Males: Back-forth >
Left-right
Females 2352.6 559.66 14417 436.73 F2 5387 000 * o0g5  Hemales: Back-forth
> Left-right
IN 334 0.08 0.10
Total trajectory length (mm)
Males: Back—forth <
Males 3295.3 898.93 35735 897.62 F1 093 0.34 0.03 Leftoright
Females 3025.1 783.18 3269.7 94558 F2 522 003 * o015 Hemales: Back-forth
< Left-right
IN 002 0.88 0.00
Outer peripheral area (mm?)
Males 37125 1866.37 4360.7 2039.75 F1 049 0.49 0.02
Females 3445.0 1962.28 3751.4 1643.01 F2 320 0.08 0.10
IN 041 053 0.01
Rectangular area (mm?)
Males 5680.7 2870.73 6418.4 3072.60 F1 013 072 0.01
Females 5676.9 3660.92 5688.3 2512.08 F2 070 0.41 0.02
IN 066 043 0.02

M: mean, SD: standard deviation, F: F-value, F1: main effect of sex, F2: main effect of direction, IN: interaction, *: p < 0.05
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Table 5. Correlations among age, physique, and COGS variables in the back—forth and left-right variation conditions (n = 31)

1 2 3 4 5 6 7 8 9 10 11 12 13 14
1. Age
2. Height 0.08
3. Body weight -0.18 0.75*
4. BMI —-0.28 0.34 0.87*
5. X-axis trajectory
length ( back—forth ) 027 008 0I5 027
6. Y-axis trajectory .
length ( back—forth ) 0.27 0.11 -020 —0.36 0.30
7. Total trajectory . . .
length ( back-forth ) 0.34 0.12 -0.22 —0.39 0.80 0.81
8. Outer peripheral 0.15 0.14 0.16 0.32 0.61*  0.56* 0.73*
area ( back-forth ) ' ’ e e ’ ’ ’
9. Rectangular area
0.09 0.08 -019 032 0.57*  0.50* 0.67* 0.98*

( back—forth )
10. X-axis trajectory

. 0.39* 0.14 -0.14 —-0.28 0.41* 0.73* 0.70* 0.59* 0.53*
length ( left-right )
11. Y-axis trajectory

. 0.52* 0.35 0.01  -0.25 0.53*  0.52* 0.65* 0.49* 0.42* 0.60*
length ( left-right )
12. Total trajectory

. 0.49* 0.23 -010 031 0.51*  0.71* 0.75* 0.61* 0.54* 0.94* 0.84*
length ( left-right )
13. Outer peripheral

. 0.36* 0.30 —-0.05 -0.29 0.30 0.63* 0.59* 0.70* 0.65* 0.70* 0.53* 0.70*
area ( left-right )
14. Rectangular area
} 0.32 0.27 -009 031 0.27 0.61* 0.56* 0.71* 0.67* 0.67* 0.50* 0.66* 0.99*

( left-right )
*:p<0.05

4. Discussion

The support base of our newly developed device tilts
either in the back—forth or left-right direction depending
on long-axis orientation and allows for the measurement
of multiple COGS variables. In the current study, we
validated the reliability of the device for COGS variable
measurements by calculating the ICC for two trials and
the associations among variables for back—forth and
left-right support-base variation (device variation)
conditions. Further, we examined sex and directional
differences in PBA. Results revealed high reliability for
COGS measurements and directional differences but no
sex differences in PBA.

Demura et al. [27] examined the reliability of COGS
variables for evaluating static standing posture and found
significant difference among three trials. However, the
ICCs for the second and third trials were strong for most
variables. Similarly, we found strong ICCs for all COGS
variables across two trials conducted after a practice trial
under both back—forth and left-right device variation
conditions, consistent with Demura et al. [27]. The ICCs
of all COGS variables were strong in the left—right device
variation condition (>0.7), while only the y-axis trajectory
length in the back—forth device variation condition was
deemed strong according to this criterion. In addition, the
ICCs of the COGS variables in the left-right device
variation condition were generally higher than those in the
back—forth device variation condition (0.74-0.86 vs. 0.41-
0.52), again with the exception of the back—forth y-axis
trajectory length. Therefore, reliability differs between
orientations but is nevertheless high for COGS measured
during left-right device variation condition and at least for
the y-axis trajectory length during the back—forth device
variation condition. Demura et al. [27] also found that

subjects maintained a static standing posture on a stable
plate, but the present task required subjects to maintain a
stable standing posture on an unstable plate (tilting either
back—forth or left-right). Therefore, this task required
greater exertion by lower limb muscles compared to a
static surface. The center of gravity varies in the
back—forth direction during standing [28], so keeping
postural stability is more difficult when the support-base
tilts back—forth compared to left—right, resulting in larger
individual differences. Therefore, the repeatability of
COGS variables was markedly lower in the back—forth
device variation condition compared to the left-right
device variation condition.

There were no significant sex differences in COGS
variables (neither distance nor area measures). Similarly,
no sex differences were found in distance and area
variables among young adults by Kitabayashi et al. [14] or
in mean position among elderly subjects by Wisniowska-
Szurlej et al. [29]. Therefore, the current results are
consistent with the previous studies, confirming that there
is little or no sex difference in PBA for either back—forth
and left—right deviations in stability. In the present study,
the two area variables (outer peripheral and rectangular)
did not differ between back—forth and left—right device
variation conditions, while all distance variables (the x-
axis, y-axis, and total trajectory lengths) differed between
conditions, with the x-axis and total trajectory lengths
larger in the left—right device variation condition and y-
axis trajectory length larger in the back—forth device
variation condition. While standing on a stable board, a
large center of gravity sway will increase distance and
area variables [14]. In the current study, it was found that
the x-axis trajectory length increased when the support-
base tilted in the left-right direction while the y-axis
trajectory length increased when the support-base tilted in
the back—forth direction. Thus, left-right and back—forth
sway increased in response to left-right and back—forth
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variations of the support base, respectively. Conversely,
the area variables increased in parallel with the x-axis
trajectory length during left-right variations and in parallel
with the y-axis trajectory length during back—forth
variations; as a result, the area variables did not differ
between the variation orientations. Based on these results, it
can be inferred that there are no sex differences in the PBA
during back—forth or left-right device variations, but that
the PBA differs with the direction in support base variation.
Age was also moderately correlated with y-axis
trajectory length (r = 0.52) and total trajectory length (r =
0.49), but only during the left-right device variation
condition. With advancing age, leg strength and balance
ability supporting the standing posture decline [30], the
center of gravity shifts backward [31], and the standing
posture also changes [32]. From the present results,
however, age appears to have little effect on COGS
variables during either back—forth or left—right device
variations. There were no significant correlations between
x-axis and y-axis trajectory lengths during back—forth
device variation. However, moderate and strong
correlations (r > 0.50) were found among many COGS
variables for the back—forth and for the left-right device
variation. In particular, the correlations between total
trajectory length and both x-axis and y-axis trajectory
lengths and between the outer peripheral area and the
rectangular area were very high during both device
variations (r > 0.80). These results are consistent with a
previous study that examined COGS during a static
standing posture [14], suggesting associations among many
sway variables in both device variations. Conversely, the x-
axis trajectory length in the back—forth device variation
condition was only moderately correlated with other
variables (r = 0.41-0.73) and unrelated to areas in the
left—right device variation condition. Thus, stabilization
strategy may differ between back—forth and left—right
perturbations as previously reported using an unstable
balance board test [33,34,35]. Therefore, relationships
between sway variables are relatively weaker between
back—forth and left—right device variation conditions.
Balance ability has been evaluated primarily by the
ability to maintain a stable standing posture on a static
surface (static balance ability) or to maintain a stable
posture during physical movement (active balance ability)
against one’s loading stimulation. In this study, we
developed a new device to measure COGS during support-
base variation and examined PBA during both back—forth
and left-right variations among middle-aged and older
adults. Future studies are warranted to examine the
relationship between active and passive balance abilities
in young, middle-aged, and older adults. Limitations of
this study include the small number of participants and the
selection of a relatively small number of COGS variables.
In conclusion, COGS variables were measured with
acceptable reliability, and were especially high for the
left—right device variation condition and the y-axis trajectory
length during back—forth device variation. Moderate to strong
associations were found among many COGS variables
during back—forth device variations and during left—right
device variations, but the associations of COGS variables
between directions were much lower, suggesting direction-
dependent differences in balance abilities and mechanisms.

Conversely, PBA did not differ according to sex.
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