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Abstract

Scientific literature is giving greater importance to dynamic balance in fall prevention.

Recently, the validity and reliability of the most employed functional tests for dynamic bal-

ance assessment has been investigated. Although these functional tests are practical and

require minimal equipment, they are inherently subjective, as most do not use instrumented

measurement data in the scoring process. Therefore, this study aimed to assess the validity

and reliability of an instrumented unstable board for dynamic balance objective assessment

in young adults through double-leg standing trials. A test-retest design was outlined with the

unstable board positioned over a force platform to collect objective Center of Pressure (CoP)

related and kinematic parameters. Fifteen young adults participated in two evaluation ses-

sions (7-day apart) that comprised ten trials per two dynamic conditions (anterior-posterior

and medio-lateral oscillations) aiming to maintain the board parallel to the ground. Pearson’s

correlation coefficient (r) was employed to assess the validity of the kinematic parameters

with those derived from the CoP. The test-retest reliability was investigated through Intra-

class Correlation Coefficient (ICC), Standard Error of the measurement, Minimal Detectable

Change, and Bland-Altman plots. Statistically significant correlations between the CoP and

kinematic parameters were found, with r values ranging from 0.66 to 0.95. Good to excellent

intrasession (0.89�ICCs�0.95) and intersession (0.66�ICCs�0.95) ICCs were found for

the kinematics parameters. The Bland-Altman plots showed no significant systematic bias.

The kinematics parameters derived from the unstable board resulted valid and reliable. The

small size of the board makes it a suitable tool for the on-site dynamic balance assessment

and a complement of computerized dynamic posturography.

Introduction

In humans, the habitual stance depends on maintaining vertical balance, as in no other species

on earth [1]. Indeed, a set of structures [2] jointly work to control body segments against grav-

ity and to maintain the center of pressure (CoP) within the base of support [3]. An efficient

postural balance control prevents falls [4] and injuries [5] but also contributes to optimizing

sports performance [6, 7]. Thus, the accuracy in quantifying postural balance is crucial and

needs valid and reliable assessment techniques. To this extent, force platforms are the most
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widely used devices in assessing postural function [8]. However, considering the high cost of

force platforms, some researchers focused on more inexpensive systems, showing, for instance,

that a game-oriented platform could be suitable for static balance assessment [9]. Scientific lit-

erature is giving greater importance to dynamic balance management and training [10, 11],

referring to the ability to react efficiently to external mechanical stimuli [12] or even to virtual

reality scenarios [13, 14]. Indeed, dynamic balance likely demands different biomechanical

and neuromuscular control strategies [15] compared to static balance. Consequently, static

and dynamic balance are required to be better assessed complementarily, being independent

of each other [16]. To this extent, several studies have investigated the validity and reliability of

the most employed functional tests for dynamic balance assessment. Findings highlighted

good validity and reliability among older, frailer adults but showed ceiling effects when applied

in high-functioning older adults [17–23]. Indeed, these tests resulted in undemanding for

healthy people and even more for athletes, failing to elicit postural stability deficiencies and

discriminate the performance level [24]. Further, despite functional tests are practical, inex-

pensive, and require minimal equipment, they are not associated with objective CoP-related

parameters derived from force platforms. About that, Petrò and colleagues highlighted the

spread of dynamic balance tests and proposed a categorization of the existing objective meth-

ods [25], finding significant employment of unstable boards. An unstable board could provide

constant instability pivoting around a fulcrum due to its center of mass located above the pivot

[26]. These devices have been proved to fit with both athletes [27] and balance-affected people

[28]. Moreover, their engineering is relatively inexpensive and does not affect their transport-

ability. On this point, Orrell and colleagues instrumented an oscillating wooden platform with

a potentiometer to transform the linear displacement of the board into angular degrees out

from the horizontal [29]. Similarly, Marcolin and colleagues employed a 3D inertial measure-

ment unit (IMU) to calculate dynamic balance parameters from a wooden board oscillating

around its pivot axis [27]. Although these approaches are promising and more challenging

than most dynamic functional tests, they lacked to consider the reliability of their outputs

compared to the CoP-related parameters derived from force platforms. Fusco and colleagues

first tried to determine the reliability and validity of a computerized wobble board [30].

Although they found acceptable levels of error and low minimal detectable changes, wobble

board indexes were correlated with indexes derived from a functional test (i.e., the Y Balance

Test), again, without considering CoP-related parameters. Recently, Rougier and colleagues

studied dynamic balance control positioning a double seesaw over two force platforms allow-

ing pitch motions and collected the CoP displacements under each foot in the standing posi-

tion [31]. Although this is a reliable method for studying postural strategies under dynamic

conditions, the essential requirement of force platforms makes this approach expensive and

hardly applicable in the field. Therefore, the aims of the present study were: (i) to determine

the validity of the kinematic parameters obtained from an instrumented unstable board com-

pared to the CoP-related parameters derived from a force platform; (ii) to evaluate the reliabil-

ity of a double-leg stance test on an instrumented unstable board among healthy young adults.

We hypothesized that the kinematic parameters of the instrumented wooden board could be

reliable and valid field measures of the dynamic balance performance.

Materials and methods

Subjects

We performed an a-priori sample size calculation based on the formulas proposed for estimat-

ing ICC in biomedical reliability studies [32, 33]. Specifically, by setting a minimum acceptable

reliability ICC at 0.65, with a significance level at 0.05, power at 80%, and two repetitions (i.e.,
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inter-sessions reliability), 15 subjects represented the required sample size. This was the worst-

case scenario, as by setting a minimum acceptable reliability ICC at 0.65, with a significance

level at 0.05, power at 80%, and 10 repetitions (i.e., intra-session reliability), the required sam-

ple size would be 3 subjects. Consequently, we enrolled 15 healthy young subjects (M = 9,

F = 6; mean ± SD: 23.13 ± 0.99 years; 71.67 ± 12.37 kg; 1.77 ± 0.082 m) with no history of (i)

orthopedic injuries in the last year, (ii) neurological diseases, and (iii) sight, hearing, or vestib-

ular disorders. All subjects were physically active and involved in at least one recreational

sport activity twice per week.

Experimental design

The experimental protocol received approval from the Human Ethical Committee of the

Department of Biomedical Science of the University of Padova (n˚ HEC-DSB/08-18). All

methods were performed in accordance with the Declaration of Helsinki. Subjects were

informed about the methods and aims of the study, gave their written informed consent, and

were free to renounce the study at any stage. The week before testing, researchers organized a

session explaining in detail the scheduled program letting the subjects familiarize themselves

with the instrumentation.

A cross-sectional test-retest design was outlined to assess postural balance control under

two different dynamic conditions. For all subjects, retest trials (DAY 2) were performed a

week after the test trials (DAY 1). Subjects were instructed to stand on an unstable square

board with parallel feet, according to specific lines drawn on the surface of the board. Subse-

quently, they were asked to maintain the board parallel to the ground as much as possible with-

out moving the feet from their original position. For the test duration, subjects gazed at a thin

green line vertically placed in front of them on a white wall at 80 centimeters, keeping their

hands on hips to avoid counterbalance actions. In case of loss of balance, subjects were secured

with a harness. The unstable square board was positioned over a force platform (AMTI

BP400600, Watertown, MA, USA) to record its oscillations together with the CoP trajectory

synchronously (Fig 1). For this purpose, two reflective markers were placed at the vertices of

the unstable board and their three-dimensional trajectories were recorded by a 6-camera

optoelectronic system (OptiTrack—Natural Point Inc.).

Trials were performed in both dynamic anterior-posterior (AP) and medio-lateral (ML)

directions, separately (Fig 1). During the AP condition, the subjects’ sagittal axis was parallel to

the rotational axis of the unstable board. In contrast, during the ML condition, the subjects’

sagittal axis was perpendicular to the rotational axis. Overall, subjects performed ten trials in

both dynamic conditions. The duration was set to 30 seconds for all trials, according to Scoppa

and colleagues’ guidelines on stabilometric tests over force platforms [34]. The rest between

the trials was set to 60 seconds.

Measurements

The CoP trajectory was recorded through the computerized force platform at a sampling fre-

quency of 100 Hz. The platform was zeroed according to the manufacturer’s guidelines before

recording each trial. The platform employed in this study has an average CoP accuracy of less

than 0.2 mm, crosstalk values ± 0.05% of the applied load, and a measurement accuracy typi-

cally ± 0.1% of the applied load (minimum applied load of 22.6 kg). The CoP signal was ana-

lyzed with the software Balance Clinic 1.4.2 (AMTI, Watertown, MA, USA). In each

condition, Area95 (the area of the 95th percentile ellipse measured in cm2) and Unit Path (the

path length per unit time, i.e., the average CoP velocity measured in cm/s) were considered as

resulting outputs. The kinematic data were recorded at 100 Hz for consistency with the kinetic
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data. The two reflective markers on the edge of the unstable board allowed calculating the rota-

tion angle of the square board: when the markers were parallel to the floor, the angle was 0

deg. Positive and negative angle values were measured when the unstable board rotated clock-

wise or counterclockwise. Three parameters (Fig 2) were calculated to assess the dynamic bal-

ance performance: the integral of the curve considered an index of the overall postural

performance (Full Balance, FB); the time spent between +5 deg and -5 deg considered an

index of fine-tuning balance adjustments (Fine Balance, FiB); the time spent between +10 deg

and -10 deg considered an index of gross-tuning balance adjustments (Gross Balance, GB). FB

was considered the primary measure in the validity and reliability assessment, while FiB and

GB as the secondary ones. We employed a motion capture system because it represents the

gold standard in kinematic analysis. Results were analyzed for both AP and ML conditions; a

mean score between AP and ML conditions (i.e., Total Dynamic Score, TDS) was also

considered.

Statistical analyses

The mean values and standard deviation (SD) were calculated for all variables. Pearson’s corre-

lation coefficient was employed to assess the convergent validity of the measures, correlating

the CoP-related parameters (i.e., Area95 and Unit Path) with kinematic parameters (i.e., FB,

FiB, and GB). The strength of the correlations was interpreted following Cohen and colleagues

Fig 1. Experimental setup. Subject secured to a harness standing on the unstable board placed over the force platform

(a); detail of the force platform and the unstable board during medio-lateral (b) and anterior-posterior (c) dynamic

tests.

https://doi.org/10.1371/journal.pone.0280057.g001
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[35] as absent to little (<0.25), fair (0.25–0.49), moderate (0.5–0.74), and very good to excellent

(> 0.75). The significance level was set at p< 0.05.

The test-retest reliability of the kinematic parameters was investigated through Intraclass

Correlation Coefficient (ICC) and the relative 95% confidence interval (95% CI), Standard

Error of the measurement (SEm), Minimal Detectable Change (MD95), and Bland-Altman

plots. ICC, which represents both degrees of correlation and agreement between measure-

ments, was employed to assess the intrasession and intersession reliability for the FB, FiB, and

GB measurements. A 2-way approach was used to calculate ICCs, being the trials the substi-

tutes for raters. According to this model, our results only represented the reliability of the spe-

cific measurements of the experiment. Intersession ICC [3,1] estimated correlations between

DAY 1 and DAY 2 balance measurements, and intrasession ICC [3, k] estimated correlations

averaged between the k measurements, where in our study k = 10. ICC coefficients were inter-

preted as poor (0.00–0.39), fair (0.40–0.59), good (0.60–0.74), and excellent (0.75–1.00) [36].

The SEm is the standard error in estimating observed scores from true scores [37]. It was

compounded for intersession reliability through the following formula:

SEm ¼ SDd=
p

2

where SDd represents the SD of the differences between test and retest scores (d). Further, the

SEm was used to determine the minimum difference (MD95) according to the following for-

mula:

MD95 ¼ SEm � 1:96 �
p

2:

Fig 2. Graphical representation of the kinematic parameters (i.e., Full Balance, Gross Balance, and Fine Balance) in a representative AP trial. Full

balance is the area below the rectified raw signal and is represented in grey. Gross Balance is the total time the raw signal stays between +10deg and -10deg,

represented in blue. Fine Balance is the total time the raw signal stays between +5deg and -5deg, represented in red.

https://doi.org/10.1371/journal.pone.0280057.g002
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More precisely, for all people whose differences on repeated testing were at least greater

than or equal to the MD, 95% of them would reflect real differences [37]. The lower the SEm

and MD95, the higher the intersession reliability.

Finally, Bland-Altman plots visually showed the level of agreement and the 95% limits of

agreement (LoA95) by plotting the paired differences vs. the pair-wise means. LoA95 estimated

the interval within which a proportion of the differences between measurements lies with 95%

of certainty [38]. LoA95 was calculated as follows:

LoA95 ¼ mean� 2 SD

Thus, a real change in the subject’s performance occurs when the difference between the

two measures falls outside the LoA95. All analyses were performed using Statistical Package for

Social Sciences (SPSS) version 27 (IBM, Armonk, New York, USA).

Results

Table 1 shows for each subject the mean scores and standard deviations (SD) averaged across

the ten trials and the group means (GM) of both the CoP-related parameters.

Tables 2 and 3 report kinematic results recorded in the two sessions and referred to the

board oscillations.

The results of the correlational analysis are presented in Table 4. Considering the AP condi-

tion, we found statistically significant correlations between the Area95 and Full balance

(p< 0.01), Fine balance (p< 0.05), and Gross Balance (p< 0.01), respectively. Conversely, we

did not detect any significant correlation between the Unit Path and the kinematic parameters.

For what concerns the ML condition, statistically significant correlations occurred between

the Area95 and Full balance (p< 0.001), Fine balance (p< 0.001), and Gross Balance

(p< 0.001), respectively. Unlike the AP condition, statistically significant correlations were

Table 1. Mean values, group means (GM), and standard deviations (SDs) of the CoP-related parameters (Area95 and Unit Path) during the unstable board test

(DAY1) performances.

DAY 1

Area95 (cm2) Unit Path (cm/s)

AP ML Mean AP ML Mean

S1 7.87 ± 2.60 17.56 ± 6.42 12.72 ± 4.06 4.61 ± 0.34 5.62 ± 0.63 5.12 ± 0.43

S2 18.53 ± 5.62 25.67 ± 10.90 22.10 ± 7.10 8.76 ± 0.92 9.44 ± 1.26 9.11 ± 0.92

S3 14.96 ± 2.60 14.83 ± 3.34 14.90 ± 2.46 6.83 ± 0.72 7.33 ± 0.81 7.08 ± 0.70

S4 23.01 ± 3.45 50.08 ± 11.49 36.55 ± 6.40 7.61 ± 1.05 10.69 ± 2.23 9.16 ± 1.53

S5 20.93 ± 5.22 30.44 ± 10.04 25.69 ± 4.83 8.92 ± 1.21 9.68 ± 1.06 9.30 ± 0.66

S6 18.21 ± 4.74 25.56 ± 8.38 21.89 ± 3.99 6.02 ± 0.82 7.18 ± 1.12 6.61 ± 0.58

S7 7.141 ± 1.94 20.35 ± 9.32 13.75 ± 4.25 5.98 ± 0.71 7.18 ± 1.16 6.58 ± 0.64

S8 13.98 ± 4.53 28.70 ± 5.29 21.34 ± 3.47 5.42 ± 0.35 7.56 ± 0.73 6.49 ± 0.43

S9 11.69 ± 3.41 44.83 ± 15.81 28.27 ± 7.38 7.25 ± 0.85 11.27 ± 1.10 9.27 ± 0.63

S10 32.51 ± 10.21 29.51 ± 7.21 31.01 ± 6.58 8.69 ± 0.97 8.42 ± 0.92 8.56 ± 0.69

S11 14.35 ± 3.68 30.32 ± 6.21 22.34 ± 2.98 6.86 ± 0.64 9.00 ± 0.88 7.93 ± 0.58

S12 18.00 ± 4.17 45.84 ± 10.41 31.92 ± 5.67 7.18 ± 0.77 11.24 ± 1.29 9.22 ± 0.69

S13 13.45 ± 4.52 37.32 ± 9.14 25.39 ± 5.03 7.44 ± 0.93 10.25 ± 1.39 8.85 ± 0.70

S14 17.92 ± 4.72 22.38 ± 4.99 20.16 ± 3.07 8.27 ± 0.91 7.88 ± 1.00 8.08 ± 0.63

S15 15.07 ± 4.21 91.75 ± 38.30 53.41 ± 20.82 6.94 ± 1.00 17.30 ± 4.42 12.12 ± 2.67

GM ± SD 16.51 ± 6.20 34.34 ± 18.96 25.43 ± 10.26 7.12 ± 1.25 9.34 ± 2.76 8.23 ± 1.69

https://doi.org/10.1371/journal.pone.0280057.t001

PLOS ONE Unstable board for dynamic balance assessment

PLOS ONE | https://doi.org/10.1371/journal.pone.0280057 January 6, 2023 6 / 14

https://doi.org/10.1371/journal.pone.0280057.t001
https://doi.org/10.1371/journal.pone.0280057


found between the Unit Path and Full balance (p< 0.001), Fine balance (p< 0.001), and

Gross Balance (p< 0.001) in the ML condition.

Results of the intersession and intrasession reliability analysis are provided in Tables 5 and

6.

The kinematic parameters across the AP and ML conditions showed ICC values ranging

from good to excellent (0.66� ICCs� 0.95). SEm and MD95 values are reported in Tables 5

and 6. Fig 3 shows, for each kinematic parameter, the Bland-Altman plot representing the dif-

ferences between test and retest values plotted against their means together with the 95% LoA.

Table 2. Mean values, group means (GM), and standard deviations (SDs) of the kinematic parameters (Full balance, Fine Balance, and Gross Balance) during the

unstable board test (DAY 1) and retest (DAY 2) performances.

DAY 1

Full Balance (deg�s) Fine Balance (s) Gross Balance (s)

AP ML AP ML AP ML

S1 154.73 ± 23.28 138.56 ± 21.23 16.59 ± 2.88 18.59 ± 2.05 26.05 ± 1.90 26.77 ± 1.50

S2 181.56 ± 26.04 161.17 ± 21.93 14.62 ± 2.30 16.12 ± 2.45 23.67 ± 2.47 25.36 ± 1.83

S3 161.08 ± 19.15 118.46 ± 18.63 15.72 ± 2.07 20.69 ± 2.23 25.80 ± 1.74 28.62 ± 1.19

S4 203.39 ± 19.79 202.22 ± 16.55 12.46 ± 2.18 12.45 ± 1.65 21.90 ± 1.53 22.11 ± 1.81

S5 157.36 ± 19.54 148.69 ± 21.08 16.26 ± 2.04 17.81 ± 2.78 26.14 ± 2.01 26.55 ± 1.28

S6 181.46 ± 21.04 161.67 ± 24.61 14.30 ± 2.20 15.80 ± 2.20 23.76 ± 1.83 25.67 ± 2.19

S7 118.47 ± 12.99 137.78 ± 28.80 20.82 ± 1.82 18.80 ± 2.98 28.82 ± 1.29 27.10 ± 2.23

S8 157.73 ± 19.83 164.03 ± 20.59 16.71 ± 2.05 16.37 ± 2.30 26.20 ± 1.55 25.07 ± 1.47

S9 142.26 ± 24.79 170.99 ± 17.96 18.27 ± 2.41 15.32 ± 1.73 26.79 ± 2.12 24.49 ± 1.45

S10 194.27 ± 29.33 169.90 ± 22.68 13.33 ± 2.67 15.50 ± 2.59 22.63 ± 2.41 24.61 ± 1.69

S11 151.31 ± 21.21 171.91 ± 14.30 17.38 ± 2.97 15.19 ± 1.15 26.35 ± 1.17 24.51 ± 1.48

S12 167.85 ± 21.28 188.22 ± 30.56 15.44 ± 2.83 14.30 ± 2.80 25.26 ± 1.29 22.80 ± 2.58

S13 168.36 ± 25.49 191.09 ± 23.90 15.36 ± 2.53 13.37 ± 2.18 25.03 ± 2.02 23.07 ± 1.95

S14 183.05 ± 30.78 147.10 ± 24.21 14.11 ± 3.14 17.37 ± 2.89 23.91 ± 2.76 27.18 ± 1.49

S15 210.39 ± 25.00 255.79 ± 30.57 10.81 ± 2.68 8.87 ± 2.13 22.17 ± 1.83 16.96 ± 2.87

GM ± SD 168.89 ± 24.13 168.51 ± 32.72 15.48 ± 2.43 15.77 ± 2.87 24.96 ± 1.92 24.73 ± 2.80
DAY 2

Full Balance (deg�s) Fine Balance (s) Gross Balance (s)

AP ML AP ML AP ML

S1 151.02 ± 24.17 140.61 ± 16.11 17.50 ± 3.53 18.14 ± 1.71 26.03 ± 1.40 27.16 ± 1.33

S2 169.39 ± 16.07 135.80 ± 16.86 15.16 ± 1.79 18.96 ± 1.98 25.08 ± 1.56 27.35 ± 1.31

S3 173.50 ± 24.90 140.35 ± 19.35 14.89 ± 2.52 18.73 ± 1.98 24.48 ± 2.17 26.71 ± 1.55

S4 160.51 ± 31.24 154.41 ± 30.42 16.20 ± 2.18 16.05 ± 1.65 25.47 ± 1.53 26.78 ± 1.81

S5 145.70 ± 23.07 137.80 ± 22.19 17.98 ± 2.81 18.55 ± 2.45 26.72 ± 1.59 27.49 ± 1.41

S6 157.35 ± 28.29 123.79 ± 15.06 16.31 ± 3.45 20.49 ± 1.42 26.20 ± 1.86 27.91 ± 1.19

S7 105.54 ± 23.15 149.87 ± 19.80 22.48 ± 3.20 18.30 ± 2.05 29.23 ± 1.38 25.89 ± 1.78

S8 137.61 ± 34.83 118.89 ± 23.18 19.86 ± 3.98 20.79 ± 2.96 26.33 ± 2.53 28.87 ± 1.19

S9 141.65 ± 32.35 140.91 ± 17.74 17.75 ± 3.68 18.18 ± 1.74 27.15 ± 2.23 27.23 ± 1.73

S10 163.22 ± 20.90 142.69 ± 21.75 15.81 ± 2.49 18.22 ± 2.47 25.47 ± 1.70 26.89 ± 1.79

S11 147.39 ± 25.88 133.33 ± 18.30 17.41 ± 2.96 19.15 ± 2.00 26.45 ± 1.69 27.34 ± 1.25

S12 190.94 ± 28.34 188.74 ± 25.47 13.66 ± 2.62 13.93 ± 2.37 22.91 ± 2.24 23.28 ± 2.10

S13 163.40 ± 16.76 131.03 ± 18.64 16.35 ± 2.13 19.42 ± 2.00 25.07 ± 1.26 27.57 ± 1.15

S14 158.82 ± 24.12 115.63 ± 20.95 15.77 ± 2.59 21.05 ± 2.75 26.30 ± 1.94 28.97 ± 0.85

S15 201.37 ± 30.07 228.41 ± 22.77 12.86 ± 2.83 10.93 ± 1.63 22.17 ± 2.51 19.32 ± 2.51

GM ± SD 157.83 ± 22.59 145.48 ± 28.67 16.42 ± 2.61 17.82 ± 2.99 25.44 ± 1.95 26.28 ± 2.66

https://doi.org/10.1371/journal.pone.0280057.t002
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Table 3. Mean values, group means (GM), and standard deviations (SDs) of the kinematic parameters (Full balance, Fine Balance, and Gross Balance) during the

unstable board test (DAY 1) and retest (DAY 2) performances. The Total Dynamic Score (TDS) was calculated for each subject averaging the ten AP and ML trials.

DAY 1 DAY 2

Total Dynamic Score (TDS) Total Dynamic Score (TDS)

Full Balance (deg�s) Fine Balance (s) Gross Balance (s) Full Balance (deg�s) Fine Balance (s) Gross Balance (s)

S1 146.65 ± 19.99 17.59 ± 2.20 26.42 ± 1.42 145.82 ± 1 5.69 17.82 ± 2.30 26.60 ± 1.01

S2 171.37 ± 21.96 15.38 ± 1.95 24.52 ± 2.03 152.60 ± 10.49 17.06 ± 1.37 26.22 ± 0.85

S3 139.78 ± 15.19 18.21 ± 1.57 27.22 ± 1.23 156.93 ± 15.37 16.81 ± 1.51 25.60 ± 1.32

S4 202.81 ± 13.98 12.46 ± 1.17 22.01 ± 1.46 157.46 ± 14.51 12.46 ± 1.17 22.01 ± 1.46

S5 153.03 ± 14.35 17.04 ± 1.85 26.35 ± 1.16 141.76 ± 16.38 18.27 ± 1.92 27.11 ± 0.89

S6 171.57 ± 15.01 15.06 ± 1.46 24.72 ± 1.18 140.57 ± 12.24 18.40 ± 1.48 27.06 ± 0.87

S7 128.13 ± 13.76 19.82 ± 1.25 27.96 ± 1.01 127.71 ± 14.37 20.40 ± 1.95 27.56 ± 1.20

S8 160.89 ± 13.62 16.55 ± 1.87 25.64 ± 0.77 128.25 ± 26.75 20.33 ± 3.22 27.61 ± 1.56

S9 156.63 ± 13.72 16.80 ± 1.24 25.64 ± 1.27 141.29 ± 14.10 17.97 ± 1.54 27.19 ± 1.04

S10 182.09 ± 15.70 14.42 ± 1.45 23.62 ± 1.49 152.96 ± 18.05 17.02 ± 2.15 26.19 ± 1.27

S11 161.62 ± 13.11 16.29 ± 1.49 25.43 ± 0.95 140.37 ± 17.15 18.28 ± 1.99 26.90 ± 1.12

S12 178.04 ± 18.09 14.88 ± 1.96 24.03 ± 1.24 189.85 ± 25.26 13.80 ± 2.40 23.10 ± 1.93

S13 179.73 ± 16.20 14.37 ± 1.63 24.05 ± 1.35 147.22 ± 11.52 17.89 ± 1.39 26.32 ± 0.70

S14 165.08 ± 18.30 15.75 ± 2.10 25.55 ± 1.32 137.23 ± 10.98 18.42 ± 1.39 27.64 ± 0.87

S15 233.09 ± 25.92 9.85 ± 2.14 19.57 ± 2.23 214.89 ± 18.28 11.90 ± 1.61 20.75 ± 1.69

GM ± SD 168.70 ± 25.63 15.63 ± 2.39 24.85 ± 2.09 151.66 ± 22.93 17.12 ± 2.52 25.86 ± 2.15

https://doi.org/10.1371/journal.pone.0280057.t003

Table 4. Pearson correlations between CoP-related parameters (Area95 and Unit path) derived from the force

platform and kinematic parameters (Full balance, Fine balance, and Gross balance) obtained from the instru-

mented balance board.

AP Oscillations Full balance (deg�s) Fine balance (s) Gross Balance (s)

Area95 (cm2) r = 0.66�� r = -0.61� r = -0.69��

Unit Path (cm/s) r = 0.39 r = -0.36 r = -0.41

ML Oscillations Full Balance (deg�s) Fine Balance (s) Gross Balance (s)

Area95 (cm2) r = 0.94��� r = -0.90��� r = -0.95���

Unit Path (cm/s) r = 0.88��� r = -0.84��� r = -0.89���

AP: antero-posterior; ML: medio-lateral. Statistically significant � (p<0.05), �� (p<0.01), and ��� (p<0.001).

https://doi.org/10.1371/journal.pone.0280057.t004

Table 5. Average intersession [3,1] intraclass correlation coefficient (ICC) and 95% Confidence Intervals (95% CI), Standard Error of the measurement (SEm), and

Minimal Detectable Change (MD95) calculated during the performances on the unstable board.

ICC (95% CI) Intersession SEm Intersession MD95 Intersession

AP Full Balance (deg�s) 0.81 (0.36–0.94) 11.67 32.36

Fine Balance (s) 0.84 (0.35–0.95) 1.06 2.95

Gross Balance (s) 0.74 (0.27–0.91) 1.11 3.09

ML Full Balance (deg�s) 0.72 (-0.55–0.91) 16.56 45.91

Fine Balance (s) 0.66 (-0.12–0.89) 1.63 4.52

Gross Balance (s) 0.74 (-0.20–0.92) 1.33 3.68

TDS Full Balance (deg�s) 0.75 (0.00–0.92) 12.44 34.50

Fine Balance (s) 0.80 (0.13–0.94) 1.13 3.13

Gross Balance (s) 0.85 (0.38–0.95) 0.91 2.52

AP: antero- posterior; ML: medio-lateral; TDS: Total Dynamic Score.

https://doi.org/10.1371/journal.pone.0280057.t005
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Discussion

The present study aimed to determine the validity and reliability of a double-leg standing test

over an instrumented unstable board. Specifically, the parameters derived from the board

oscillations were validated over the CoP-related parameters obtained from the force platform.

Table 6. Average intrasession [3, 10] intraclass correlation coefficient (ICC) and 95% Confidence Intervals (95% CI), Standard Error of the measurement (SEm),

and Minimal Detectable Change (MD95) calculated during the performances on the unstable board.

ICC (95% CI) Intrasession SEm Intrasession MD95 Intrasession

AP Full Balance (deg�s) 0.90 (0.82–0.96) 21.58 59.83

Fine Balance (s) 0.89 (0.79–0.95) 2.36 6.54

Gross Balance (s) 0.90 (0.87–0.96) 1.68 4.64

ML Full Balance (deg�s) 0.95 (0.90–0.98) 23.20 64.29

Fine Balance (s) 0.93 (0.87–0.97) 2.29 6.36

Gross Balance (s) 0.95 (0.91–0.98) 1.91 5.29

TDS Full Balance (deg�s) 0.95 (0.91–0.98) 16.18 44.85

Fine Balance (s) 0.94 (0.89–0.98) 1.64 4.53

Gross Balance (s) 0.95 (0.91–0.98) 1.28 3.54

Intrasession parameters are based on DAY 1 data. AP: antero- posterior; ML: medio-lateral; TDS: Total Dynamic Score.

https://doi.org/10.1371/journal.pone.0280057.t006

Fig 3. Bland-Altman plot for Full Balance, Gross Balance, and Fine Balance parameters in the anterior-posterior, medio-lateral, and TDS conditions.

Differences between test and retest scores are plotted against their means. The black line indicates the average of the differences, whereas the dotted ones

represent the 95% limits of agreement.

https://doi.org/10.1371/journal.pone.0280057.g003

PLOS ONE Unstable board for dynamic balance assessment

PLOS ONE | https://doi.org/10.1371/journal.pone.0280057 January 6, 2023 9 / 14

https://doi.org/10.1371/journal.pone.0280057.t006
https://doi.org/10.1371/journal.pone.0280057.g003
https://doi.org/10.1371/journal.pone.0280057


The kinematic parameters showed excellent correlations in the ML test with both the Area95

and the Unit Path, showing an average r equal to 0.93 and 0.87, respectively. In the AP condi-

tion, a moderate correlation was detected only with Area95, where the average r was equal to

0.65. Since Area95 is considered an index of the overall postural performance [8, 39], we can

assume that the kinematic parameters derived from the unstable board motion are valid

indexes to quantify the overall dynamic postural performance of an individual objectively. The

Unit Path reflects the efficiency of the postural control system characterizing the net neuro-

muscular activity necessary to maintain the balance [8, 40]. Some authors [41–43] also consid-

ered the most sensitive parameter to compare groups of individuals of different ages or with

different neurological diseases. Unlike the Area95 results, the moderate correlation detected

between the kinematic parameters and the Unit Path in the AP test suggests employing this

test with caution if the main goal is to characterize the net neuromuscular activity in maintain-

ing balance. Therefore, findings support using the kinematic parameters obtained from the

unstable board (i.e., FB, FiB, and GB) instead of the Area95 derived from the dynamometric

platform to objectively quantify the overall dynamic postural performance in AP and ML con-

ditions. Conversely, using FB, FiB, and GB resulted in valid substitutes of the Unit Path

derived from the dynamometric platform to assess the dynamic postural balance efficiency

only in the ML test. The FB parameter, both in AP and ML, was calculated as the integral of

the time-angle curve referred to the unstable board oscillations. Taking as reference that ideally

the best performance occurs with the unstable board parallel to the ground for the whole test

(i.e., the angle of the board and consequently FB equal to zero), the smaller the FB value, the

better the balance performance. The FB could be considered an index of the overall balance

performance, and comparable to the Area95 calculated from the COP trajectory in the static

stabilometric test. The FiB and GB parameters represent the fine and gross postural balance

adjustments, giving additional insight into the amount of time the unstable board lays near the

parallel-to-the-ground position.

Given the validity of the kinematic parameters compared to the CoP-related indexes, the

second step of the present study was to investigate their reliability. Notably, as presented in

Table 6, FB, FiB, and GB showed excellent reliability, with ICC intrasession values ranging

from 0.89 to 0.95. Even better, the TDS showed ICC values higher than 0.94. Similarly

(Table 5), intersession ICCs ranged from good (ICC = 0.66) to excellent (ICC = 0.85). The ICC

values above are comparable or even better than those obtained measuring upright static bal-

ance with a force platform [44–46], the most employed instrument for static postural balance

assessment through the analysis of the CoP trajectory [8]. The reliability of the dynamic tests

(both in AP and ML conditions) on the unstable board was corroborated by the low values of

SEm and MD95 (Tables 5 and 6) and Bland-Altman plots where only a few observations laid

just outside the LoA confidence bounds. Moreover, compared to previous studies on balance

assessment over wobble board [47], visual examination of the Bland-Altman plots did not show

a proportional bias considering the difference and the mean between measures (i.e., y-axis and

x-axis, respectively). Compared to previous literature [30], our test allows the upright dynamic

postural performance to be investigated separately, considering the AP and ML conditions.

Moreover, the proposed three indexes have been validated over the CoP-related parameters

instead of a functional test, thus with a more robust methodological approach. While the evalu-

ation of CoP excursions is a common method to measure standing static postural stability

objectively [44], the assessment of standing dynamic postural stability is multifaceted, involving

more functional than objective tests and considering parameters that are usually specific to the

study design (e.g., angle error, recovery step count, surface electromyography) [25]. Although

one of these methods (i.e., computerized dynamic posturography) is objective and widely

accepted as a reference method [25], it requires expensive and cumbersome instruments.
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Notably, the assessment presented in the present work and its validation would reduce the lack

of standardization and objectiveness among methods of measuring dynamic balance [25].

Moreover, oscillations of an unstable board can be easily measured with an affordable 3D IMU

[48], without affecting the portability of the board or without necessarily having to resort to

expensive optoelectronic systems or force platforms [31].

Indeed, IMUs have been demonstrated to be valid and accurate devices in kinematics mea-

surements [49], also when compared to motion capture systems [50, 51]. Thus, the device

could represent a cost-effective option for measuring dynamic balance similarly to other low-

cost systems [9, 52].

Introducing this affordable and objective test for the dynamic balance assessment is essen-

tial when considering the rising necessity of evaluating postural dynamic performance. Indeed,

the same postural control mechanisms (i.e., cerebral cortex, basal ganglia, cerebellum, brain-

stem, and spinal cord) have different weights in static and dynamic postural regulations [2]. A

quiet stance represents a predictable context where the subject is mainly unaware of the adjust-

ments of postural muscles. Thus, postural regulation mainly occurs at brainstem-spinal levels

with local neural loops of assistance [53]. Conversely, in dynamic tasks, a higher involvement

of the cognitive process of postural control occurs with a prevalence of supra-spinal postural

strategy [2]. Therefore, postural balance assessments should include both static and dynamic

assessments [16].

The present study has some limitations. Due to the construction of the unstable board,

which allows oscillations only around a single axis, it was not possible to collect the AP and

ML oscillations within the same trial. Although TDS includes both AP and ML oscillations, it

partially overcomes this issue because it bases on different trials. Another limitation is repre-

sented by the radius of curvature of the unstable board that determines the difficulty of the bal-

ance task with the same amount of oscillation (i.e., the higher the radius, the easier the

maintenance of the balance over the board). Indeed, the radius we adopted surely fit with the

population tested but could be too challenging with other populations (e.g., children, elderly,

and frail populations). Thus, the tested reliability and validity should be applied cautiously to

other populations different from young healthy adults.

In conclusion, the kinematic parameters derived from the unstable board seem valid and

reliable indexes for assessing dynamic postural control in physically active young adults.

Since these parameters can be measured with an IMU [27, 48], the system could become a

valid and economical complement of computerized dynamic posturography to assess

dynamic postural control objectively. Moreover, the small size of the system, compared to

the other cumbersome and fixed computerized systems available in the market, makes it a

valid tool for the on-site dynamic balance assessment. From a practical point of view, we rec-

ommend a brief familiarization with the unstable board before performing the balance tests;

then, we suggest at least three trials of thirty seconds each. MD95 values allow considering,

within 95% confidence intervals, if changes in balance parameters (i.e., FB, FiB, and GB)

reflect real changes in the dynamic balance performance and not differences that are within

what might be reasonably expected given the measurement error of the dynamic balance

tests proposed.
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25. Petró B, Papachatzopoulou A, Kiss RM. Devices and tasks involved in the objective assessment of

standing dynamic balancing–A systematic literature review. Gard SA, editor. PLoS One. 2017; 12:

e0185188. https://doi.org/10.1371/journal.pone.0185188 PMID: 28934308

26. Chagdes JR, Rietdyk S, Jeffrey MH, Howard NZ, Raman A. Dynamic stability of a human standing on a

balance board. J Biomech. 2013; 46: 2593–2602. https://doi.org/10.1016/j.jbiomech.2013.08.012

PMID: 24041491

27. Marcolin G, Grainer A, Reggiani C, Bisiacchi P, Cona G, Petrone N, et al. Static and Dynamic Postural

Changes after a Mountain Ultra-Marathon of 80 km and 5500 D. Sacchetti M, editor. PLoS One. 2016;

11: e0155085. https://doi.org/10.1371/journal.pone.0155085 PMID: 27159563

28. Ogaya S, Ikezoe T, Soda N, Ichihashi N. Effects of Balance Training Using Wobble Boards in the

Elderly. J Strength Cond Res. 2011; 25: 2616–2622. https://doi.org/10.1519/JSC.0b013e31820019cf

PMID: 21869636

29. Orrell AJ, Eves FF, Masters RSW. Implicit motor learning of a balancing task. Gait Posture. 2006; 23:

9–16. https://doi.org/10.1016/j.gaitpost.2004.11.010 PMID: 16311189

30. Fusco A, Giancotti GF, Fuchs PX, Wagner H, Varalda C, Capranica L, et al. Dynamic balance evalua-

tion: Reliability and validity of a computerized wobble board. J Strength Cond Res. 2020; 34: 1709–

1715. https://doi.org/10.1519/JSC.0000000000002518 PMID: 29481451

31. Rougier PR, Perennou D. Postural control in healthy young adults using a double seesaw device. J Bio-

mech. 2019; 83: 214–220. https://doi.org/10.1016/j.jbiomech.2018.11.048 PMID: 30573303

32. Walter SD, Eliasziw M, Donner A. Sample size and optimal designs for reliability studies. Stat Med.

1998; 17: 101–110. https://doi.org/10.1002/(sici)1097-0258(19980115)17:1<101::aid-sim727>3.0.co;2-

e PMID: 9463853

33. Zou GY. Sample size formulas for estimating intraclass correlation coefficients with precision and assur-

ance. Stat Med. 2012; 31: 3972–3981. https://doi.org/10.1002/sim.5466 PMID: 22764084

34. Scoppa F, Capra R, Gallamini M, Shiffer R. Clinical stabilometry standardization. Basic definitions—

Acquisition interval—Sampling frequency. Gait Posture. 2013; 37: 290–292. https://doi.org/10.1016/j.

gaitpost.2012.07.009 PMID: 22889928

35. Cohen J. Statistical Power Analysis. Curr Dir Psychol Sci. 1992; 1: 98–101. https://doi.org/10.1111/

1467-8721.ep10768783

PLOS ONE Unstable board for dynamic balance assessment

PLOS ONE | https://doi.org/10.1371/journal.pone.0280057 January 6, 2023 13 / 14

https://doi.org/10.3389/fphys.2021.681370
http://www.ncbi.nlm.nih.gov/pubmed/34267673
https://doi.org/10.1186/s12877-018-0845-9
http://www.ncbi.nlm.nih.gov/pubmed/29970010
https://doi.org/10.1111/jgs.12106
http://www.ncbi.nlm.nih.gov/pubmed/23350947
https://doi.org/10.2522/ptj.20100398
http://www.ncbi.nlm.nih.gov/pubmed/22114200
https://doi.org/10.3233/PPR-130027
https://doi.org/10.46743/1540-580X/2007.1174
https://doi.org/10.46743/1540-580X/2007.1174
https://doi.org/10.1016/J.PSYCHSPORT.2015.07.002
https://doi.org/10.1016/J.PSYCHSPORT.2015.07.002
https://doi.org/10.1002/ART.11411
https://doi.org/10.1016/j.humov.2018.02.004
http://www.ncbi.nlm.nih.gov/pubmed/29438911
https://doi.org/10.1371/journal.pone.0185188
http://www.ncbi.nlm.nih.gov/pubmed/28934308
https://doi.org/10.1016/j.jbiomech.2013.08.012
http://www.ncbi.nlm.nih.gov/pubmed/24041491
https://doi.org/10.1371/journal.pone.0155085
http://www.ncbi.nlm.nih.gov/pubmed/27159563
https://doi.org/10.1519/JSC.0b013e31820019cf
http://www.ncbi.nlm.nih.gov/pubmed/21869636
https://doi.org/10.1016/j.gaitpost.2004.11.010
http://www.ncbi.nlm.nih.gov/pubmed/16311189
https://doi.org/10.1519/JSC.0000000000002518
http://www.ncbi.nlm.nih.gov/pubmed/29481451
https://doi.org/10.1016/j.jbiomech.2018.11.048
http://www.ncbi.nlm.nih.gov/pubmed/30573303
https://doi.org/10.1002/%28sici%291097-0258%2819980115%2917%3A1%26lt%3B101%3A%3Aaid-sim727%26gt%3B3.0.co%3B2-e
https://doi.org/10.1002/%28sici%291097-0258%2819980115%2917%3A1%26lt%3B101%3A%3Aaid-sim727%26gt%3B3.0.co%3B2-e
http://www.ncbi.nlm.nih.gov/pubmed/9463853
https://doi.org/10.1002/sim.5466
http://www.ncbi.nlm.nih.gov/pubmed/22764084
https://doi.org/10.1016/j.gaitpost.2012.07.009
https://doi.org/10.1016/j.gaitpost.2012.07.009
http://www.ncbi.nlm.nih.gov/pubmed/22889928
https://doi.org/10.1111/1467-8721.ep10768783
https://doi.org/10.1111/1467-8721.ep10768783
https://doi.org/10.1371/journal.pone.0280057


36. Cicchetti D V. Guidelines, Criteria, and Rules of Thumb for Evaluating Normed and Standardized

Assessment Instruments in Psychology. Psychol Assess. 1994; 6: 284–290. https://doi.org/10.1037/

1040-3590.6.4.284

37. Weir JP. Quantifying test-retest reliability using the intraclass correlation coefficient and the SEM. Jour-

nal of Strength and Conditioning Research. 2005. pp. 231–240. https://doi.org/10.1519/15184.1 PMID:

15705040

38. Bland M, Altman DG. Statistical methods for assessing agreement between two methods of clinical

measurement. Lancet. 1986; 327: 307–310. https://doi.org/10.1016/S0140-6736(86)90837-8 PMID:

2868172

39. Asseman F, Caron O, Crémieux J. Is there a transfer of postural ability from specific to unspecific pos-

tures in elite gymnasts? Neurosci Lett. 2004; 358: 83–86. https://doi.org/10.1016/j.neulet.2003.12.102

PMID: 15026154
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