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ARTICLE INFO ABSTRACT
Keywords: Background: Similar to a modified star excursion balance test, the Y-balance test is recommended
Body kinematics for use in clinical settings to evaluate dynamic balance, particularly in athletes with chronic ankle
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Balance measurement
Postural control
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instability. However, due to the testing errors, there are certain restrictions. As a result, the
modification of the centre of mass tracking system was developed in order to aid in the detection
of the ability to control the dynamic balance. Therefore, the purpose of this study was to correlate
the usage of an accelerometer for the shifting of the centre of mass during a dynamic balance test
with a Y-balance test reach distance score.

Methodology: Forty professional football athletes with CAI participated in this study by performing
the Y-balance test three times while wearing an accelerometer. The jerk, RMS sway amplitude,
mean velocity from the time domain, and the normalised reach distance scores of the Y-balance
test in the anterior, posteromedial, and posterolateral directions were all collected.

Results: There was a strong positive correlation of jerk and RMS sway amplitude with the nor-
malised reach distance scores in the posteromedial direction (r = 0.706 and 0.777, respectively),
a moderate positive correlation of jerk and RMS sway amplitude with the normalised reach
distance scores in the posterolateral direction (r = 0.609 and 0.606, respectively), a moderate
positive correlation of jerk and RMS sway amplitude with the composite reach distance scores (r
= 0.531 and 0.573, respectively) and significant differences in the posteromedial, posterolateral
and overall directions (p-value < 0.001).

Conclusion: These findings indicate that the area of the centre of mass shifting as represented by
the accelerometer can disclose the body’s ability to control the centre of mass over the base of
support when the body is moving. Furthermore, in this study, the RMS sway variable in the
posteromedial direction appears to be the most prominent.

Abbreviations: CAI, chronic ankle instability; CoM, cetre of mass; YBT, Y-Balance test; RMS, root mean square.
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1. Introduction

Ankle sprains are the most commonly reported injury in athletes, contributing to 15% of all reported injuries [1]. Injuries have been
documented in a variety of sports that involve running, cutting, jumping, and landing [2]. Men’s football has the highest incidence
rates (injury rate: 1.34/1000 AEs). Furthermore, the injury rate increases during practice and competition (9.6/1000 AEs and
35.9/1000 AEs, respectively) [3]. Acute ankle sprains often have a significant recurrence rate, which is linked to the development of
chronic ankle instability (CAI) [4], defined as impaired somatosensory feedback and an impaired proprioceptive sense of the ankle
joint caused by a loss of function of the mechanoreceptor at the ligament after a frequent injury [5] leading to a feeling like “giving
way”. In addition, this occurrence results in a loss of balance control while standing, particularly when standing on the CAI affected leg.
Poor balance performance has been shown to be related to neuromuscular dysfunction [6], return-to-play status, and the risk of
recurrent ankle sprain [7].

Balance refers to an individual’s ability to maintain their centre of mass (CoM) or line of gravity within their base of support (BoS).
It is also described as the capacity to sustain equilibrium, which is defined as any condition in which all acting forces cancel each other
out, resulting in a stable, balanced system. Balance is a sensory integration of the somatosensory or proprioceptive, visual, and
vestibular systems. In normal circumstances, somatosensory information has the most significant influence, contributing to around
70% of all received feedback on a firm surface [8]. Balance is classified into static and dynamic balance, with static balance being the
ability to maintain the body in a stable posture or keep the CoM above the BoS when resting [9]. The ability to move the vertical
projection of the CoM around the supporting BoS or to keep the CoM over the BoS in motion is defined as dynamic balance [9].
Sufficient body muscle power, adequate postural sensibility, normal function of the visual and vestibular systems, and appropriate
coordination of the cerebellum and basal ganglia are necessary for good balance.

Dynamic balance is a crucial specific skill for most sports, which is related to the ability to sprint and change directions on the field.
Football is one of the field sports that most frequently requires dynamic balance control during the gameplay, particularly dynamic
unilateral movements when kicking the ball [10]. Various measurements using several methods have been employed, including both
lab-based and clinical, and one of the acknowledged methods with good validity and reliability is the ground reaction force of a force
plate (GRF) [11]. Many methods have been developed to measure the orientation of the CoM, some of which are based on the ki-
nematics of the entire human body and are known as segmental methods [12], which examine the data from fourteen sets of markers
spanning all of the body segments in order to determine the body’s CoM by a 3-D motion capture system. This provides a firm estimate
of CoM displacement in specific sports activities and is significantly accurate when applied with GRF [13]. Furthermore, a previous
study on CoM that used a 3-D motion capture system while performing a dynamic balance test described it as being able to demonstrate
the effects of real-time processing on balance control [14]. However, the evaluation tool’s features and cost-effectiveness are not ideal
for all users.

The accelerometer is a technological device used to detect the changes of sensor position in time and angular motion, in which a
biomedical measurement is used to assess balance control [15] in the vertical and horizontal planes, the study of CoM was reported as a
point that replaces the entire body [16]. The use of CoM to evaluate balance is described as posturography, which is typically
quantified by characterising the displacements of an accelerometer placed on the lower back (L5 spinous process) [17]. Furthermore,
accelerometer-based balance control assessment has been studied in both healthy and diseased populations [18,19]. Previous research
has demonstrated that accelerometers can objectively detect deviations in the dynamic CoM, which are represented as the root mean
square (RMS) of the accelerations contributing to each independent axis, the jerkiness of the COM, and the velocity [20], and have
good reliability and validity with regard to detecting the changes of balance with GRF [21], particularly in the time domain of the jerk,
RMS sway, and mean velocity. These parameters describe the jerkiness of the CoM, the movement speed along the distance of the CoM
replacement in the anteromedial and mediolateral directions, and the average velocity of the CoM movement. Furthermore, the
accelerometer has been investigated as a valuable tool that can be used within clinical settings for various applications such as static
balance, side jump landing [21] and performance evaluation [20]. However, few application studies have been conducted to examine
its use with dynamic balance testing.

The star excursion balance test (SEBT), modified star excursion balance test (mSEBT), and Y-balance test (YBT) are clinical field-
based dynamic balance tests that are reliable and valid for detecting balance deficits in musculoskeletal injuries, particularly ankle
instability [22,23]. The clinical test requires the tester to stand on one leg and stretch other leg as far as possible in the designated
directions. Furthermore, kinematic information has been reported in trunk and lower body regions while performing a leg reach [24,
25], which is defined as a helping strategy to control balance. However, this field test has some limitations. Several errors must be
checked during the assessment, causing it difficult to focus on both the scoring record and the fault detection. As mentioned, over-
compensation during leg reaching was shown in excessive pushing effort or body shift in excess of generally required to maintain
dynamic balance, which refers to excessive sway or arm extension.

Given the comprehensive implementation of field tests with higher precision for dynamic balance tests, kinematic data as shifts in
CoM could be applied to examine and analyse the ability to control the CoM in motion with field dynamic balance data. As a result, the
aim of this study was to investigate the CoM evaluation by use of an accelerometer and its relationship with the normalised reach
distance score in YBT performance, which is hypothesised to have a good positive correlation.

2. Materials and methods

A cross-sectional study design was used in this study. The research was carried out between December 2019 and October 2020. The
study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Institutional Review Board of
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Rangsit University (RSUERB2019-004, approved in February 2019), and each participant provided written informed consent prior to
participation.

2.1. Study participants

The sample size was calculated using the G-power program (version 3.1.9.7) with the following parameters: Correlations: Bivariate
normal model, correlation p H1 = 0.4 and p HO = 0, Significant level (a) = 0.05, Power = 80%. The data of forty participants were
calculated. They are full-time practicing and competing male athletes having an age range of 18-28 years with a history of ankle sprain
at least once within five years and a Cumberland Ankle Instability Tool (CAIT) questionnaire score below 24 out of 30, which indicates
a functional ankle instability [26]. Moreover, they reported no history of ankle surgery, history of lower limb injuries within one week,
pain that influenced the single leg squat of the testing side, or vestibular impairment.

2.2. Experiment protocol

The measurement of CoM interprets the changes in bodily alignment as a body sways. The movement of the CoM was measured
using a portable wireless sensor (Accelerometer, Opal) attached at the fifth spinous process of the lumbar vertebrae (L5) (Fig. 1B). The
sensor was connected to the primary data receiver (APDM Inc., USA) and indicated the linear acceleration and angular velocity in the
anteroposterior and mediolateral directions, which shown in a graph (Fig. 1A). The accelerometry parameters were analysed by
Mobility Lab (APDM Inc., USA) and reported as jerkiness (jerk), sway area, RMS sway (direction), mean velocity in the time domain.
There was moderate to good reliability in terms of static balance, with an ICC of 0.87 in jerk and a range of 0.60-0.89 in other time-
domain parameters, as well as a validity with a gold standard protocol [27] and a high correlation with the berg balance scale and the
timed up and go test in clinical applications [28].

Before the test, individuals were allowed to perform a leg reach three times in each direction after being equipped with an
accelerometer. During the testing, individuals did a leg reach as far as possible in three different directions three times (Fig. 1C). The
instructions were to perform a single-leg stand on the CAI leg in the centre of the Y-balance kit platform (FMS Y-Balance), which was
modified from the eight directions of the star excursion balance test to three directions with high sensitivity and reliability in the
anterior, posterolateral, and posteromedial directions (ICC 0.88, 0.90, and 0.88, respectively) [29]. The participants put both hands on
the hips, then used their other leg to push the indicator as far as possible with the big toe and return to the initial two-foot standing
position [30] The participants were permitted to bend the knee and hip of the CAI leg. However, the task would be failed and repeated
if the individuals could not return to the initial position or an excessive movement occurred [31]. The accelerometer sensor recorded
jerk, RMS sway, and mean velocity data, and the reach distance shown in the equipment bar was averaged for each movement. The
formula for the normalised reach distance is the longest distance in each direction divided by the individual subject’s leg length and
multiplied by 100. Composite reach distance is calculated by combining the longest distance in three directions, dividing it by three
times the individual subject’s leg length, and multiplying it by 100 [32].

A C
il =

sagitial

Fig. 1. Protocol and setting: (A) Sway diagram, (B) Portable wireless sensor “Opal” attachment at the fifth spinous process of the lumbar vertebrae
(L5), and (C) Performance in the posterolateral of the Y-balance test with accelerometer.
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2.3. Data analyses

The algorithms for signal analysis were derived from Mobility Lab (APDM Inc., USA). The Shapiro-Wilk test was used to determine
the normality of the data. The correlation between the accelerometry sway variables and normalised reach distance scores in all di-
rections and composite reach distance scores of YBT were analysed by the Pearson correlation coefficient based on the interpretation of
weak to very strong correlations [33]. Statistical analysis was performed using SPSS for Windows version 22 (IBM Corporation,
Armonk, NY, USA), with statistical significance set a priori at p < 0.05.

3. Results

There were no major side effects reported by participants during the research, and all of them completed the process. Table 1 shows
the characteristics of the forty male football players who experienced ankle injuries that led to CAL

The correlations of the normalised reach distance scores with the accelerometry sway measurements was shown in Table 2,
Figs. 2A-D, 3A-D and 4A-D. The jerk and the RMS sway of posteromedial direction were found to be strong correlation (r value =
0.706 and 0.777, respectively). In contrast, for the mean velocity, a moderate correlation (r value = 0.459) was found, and the
posterolateral direction showed a moderate correlation of all variables (r value = 0.609, 0.606, and 0.405, respectively). The com-
posite reach distance of the overall directions showed a moderate correlation of jerk and RMS sway (r value = 0.531 and 0.573,
respectively), with a significant difference of 0.05. However, all variables in the anterior direction had no significant differences, with a
weak negative correlation.

4. Discussion

The major purpose of this study was to correlate the use of an accelerometer during dynamic balance tests with reaching scores on a
YBT. The change in the body’s CoM characterized by jerk, RMS sway, and mean velocity in the time domain are the most accurate
variables in static balance studies [27] and also reliable in dynamic balance assessments [21]. A significant positive correlation was
shown with the normalised reach distance scores in the posteromedial and posterolateral directions as well as the composite reach
distance scores.

The accelerometer can wirelessly transmit body sway related to gravity as well as trunk postural adjustments in anticipation of leg
reach, known as anticipatory postural adjustments. This represents the feedforward balance control of stability while moving the body.
As a result, the accelerometry-based assessment provides a sensitive tool for measuring balance [17,34]. The present study applies the
innovation of the CoM detecting evaluation in the CAI population, which confirms that the changing of CoM supports the balance
control during leg reaching in YBT performance. Similarly, previous research has identified the CoM as the stable primary reference for
posture and movement coordination during whole-body reaching, as well as for the central regulation of posture and voluntary
movement [35]. The findings of this study indicate a strong positive and significant correlation in the posteromedial and posterolateral
directions. This study discovered that RMS sway is the most significantly associated variable to clinical field test scores, which is the
change of CoM in both axes, hence it directly describes body sway. According to Hertel’s previous study, the posterolateral and
posteromedial directions are the most sensitive and reliable for use in detection of the dynamic balance change in people with CAI by
conducting the star excursion balance test (SEBT), which is the original test that the YBT was developed from Ref. [23], and com-
plement the findings in our investigation.

The single-leg squat and contralateral leg reach are required based to the clinical testing protocol. Due to the balance control
strategies research, while performing a dynamic balance test by YBT, kinematic changes are revealed in the joints of the lower ex-
tremities: hips, knees [36] and ankles [24]. Ankle strategy is the first mechanism used in balance control that corrects changes in
balance by activating muscles around the ankle joint. Typically, the tibialis anterior, peroneus, and gastrocnemius are engaged.
However, the YBT tests showed a higher tibialis anterior activation for postural control in the posterolateral and posteromedial di-
rections than in the other directions [37]. Furthermore, the instability of the CAI ankle influences balance control, resulting in
decreased control of weight-bearing ankle inversion, particularly in a single-leg stance [38]. The eccentric ankle evertor muscle
weakening may reduce joint dynamic stability and contribute significantly to functional joint instability [39]. Additionally, the greater
angular velocity peaks during single-leg weight bearing indicates an increase in ankle inversion movement amplitudes and durations
[38]. The hip and knee strategy will be the second mechanism to aid with balance control after the ankle adjustment. Hip and knee

Table 1
Demographic and clinical characteristics.
Variables Mean + SD (n = 40)
Age (years) 20.28 + 2.45
BMI (kg/m?) 22.20 + 1.73
CAI side (left:right) 22:18
Experience as football player (years) 9.53 + 3.51
History of ankle sprain (times per year) 2.90 + 1.61
CAIT (points) 17.15 £+ 3.53

Note: Values are shown as mean + SD; BMI (Body mass index); CAIT (Cumberland
Ankle Instability Tool).
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Table 2
Correlation of accelerometry sway parameters and normalised reach distance scores of YBT in individual directions and overall directions.

Normalised reach distance scores

Anterior Posterolateral Posteromedial Composite

Jerk Anterior -0.114

Posterolateral 0.609%*

Posteromedial 0.706"*

Average 0.531**
RMS sway Anterior -0.127

Posterolateral 0.606"*

Posteromedial 0.777**

Average 0.573**
Mean velocity Anterior —0.160

Posterolateral 0.405*

Posteromedial 0.459*

Average 0.314*

Note: Values are shown as r value; 0.10-0.39 = weak correlation, 0.40-0.69 = moderate correlation, 0.70-0.89 = strong correlation and 0.90-1.00 =
very strong correlation.

" significant difference (p-value <0.05);

* significant difference (p-value <0.001).
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Fig. 2. Scatter plot for correlation of jerkiness and normalised reach distance scores of the (A) anterior, (B) posterolateral, and (C) posteromedial
directions and (D) the composite reach distance scores.

flexion is critical in defining the quality of single-leg squats, which are essential in testing [40]. As a result, the change in ROM in hip
and knee flexion correlates with the reach distance. Moreover, the muscles surrounding the hips and knees will be activated during the
control balance. The gluteus medius controls the pelvic level and the hip abduction/adduction angle, the gluteus maximus maintains
the posture, and the quadriceps and hamstring muscles control the knee angle [41]. Finally, there is a large amount of trunk flexion and
little contralateral trunk bending in the posterolateral direction reach, and a great deal of trunk flexion and a minimal amount of
ipsilateral trunk bending in the posteromedial direction reach [24] for the last compensates control to maintain the CoM in the same
BoS. Likewise, trunk and pelvic rotation have been reported to aid in maintaining a proximal stable posture and compensating for
distal instability [42]. As previous noted, the axial strategies are used to minimise the displacement of CoM in motion and movement
[43]. As mentioned before, the CAI has a direct effect on peripheral balance control strategies and results in excessive trunk movement,
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Fig. 3. Scatter plot for correlation of RMS sway and normalised reach distance scores of the (A) anterior, (B) posterolateral, and (C) posteromedial
directions and (D) the composite reach distance scores.
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which supports our finding of a correlation between CoM displacement and leg reaching distance scores.

However, the anterior direction was shown to have a weak negative correlation because of the lower muscular activity of the ankle
joint, where the tibialis anterior does not exhibit as much activity as the other two directions because different muscle groups control
the hip strategies with them. Additionally, the quadriceps are most active in the anterior reach, whereas the hamstring is more active in
the posteromedial and posterolateral reach [37]. The most essential explanation is that the anterior leg reach rarely interferes with the
torso movement, which was found to be just a minor extension [24]. As a result, anterior displacement of the CoM during the dynamic
balance test does not correlate with the YBT normalised reach distance scores.

This study has been deficient in terms of the information other than reach directions for the highest sensitivity to detect the
proximal body alteration, as well as a comparison with a healthy ankle population to determine CAI’s effect on trunk compensation.
Moreover, the non-CAI and CAI dynamic balance control in individual participants’ legs must be evaluated in order to determine the
intrinsic factors in each person. Further research might investigate the absence of information on reach direction and the factors
influencing CoM changes in healthy ankles and CAI populations. Finally, it will be necessary to develop a method for assessing dynamic
balance using the YBT in CoM evaluation by the accelerometer, which can regulate the errors of the testing for clear evaluation of
dynamic balance.

5. Conclusion

The frequent shifts of the CoM of the accelerometry parameters show dynamic balance control while moving, with RMS sway
representing the best correlation with the clinical test. According to the results of this study, the dynamic stability outcomes from the
accelerometer approach can be applied in combination with the original examination and trends in order to be used as a clinical test for
dynamic balance, particularly in the CAI population. Furthermore, it provides the benefit of reduction of the errors of conventional
testing by focusing on the failed task movement rather than the foot placement scores.
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