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Preface

The field of neuromechanics stands at the intersection of neuroscience, engineering, and

physiology, aiming to unravel the complex control systems that govern human movement. At its

heart lies “gait and balance control”, something we often take for granted but is an essential aspect of

life, from an infant’s first steps to an elite gymnast’s flawless routine. Its disruption can profoundly

impact an individual’s independence and quality of life.

This Reprint of the Special Issue of Biomechanics titled ”Gait and Balance Control in Typical

and Special Individuals” aims to provide a comprehensive and up-to-date overview of the latest

advancements in this field. Our purpose is to synthesize recent findings and demonstrate how

sophisticated biomechanical techniques are revolutionizing our understanding of both typical and

pathological movement. We seek to highlight not only the intricacies of normal gait but also the

unique challenges faced by a diverse array of populations, from young children to the elderly and

those with chronic health conditions.

The motivation behind this work is rooted in the persistent and evolving questions that define

this area of research. We aimed to consolidate the disparate but impactful studies that have emerged

recently, providing a unified platform for research in this field. As researchers, we recognized the

need to move beyond isolated findings to build a cohesive narrative that underscores the clinical

and societal importance of studies on gait and balance. The insights within this Special Issue—from

understanding developmental variability and athletic performance to addressing the profound

effects of neurologic malfunctions such as cerebral stroke and Parkinson’s disease—underscore the

real-world implications of our work.

This Special Issue is primarily addressed to a broad scientific and clinical audience, serving as

a crucial resource for researchers in biomechanics, neuroscience, rehabilitation science, and sports

medicine who wish to stay at the forefront of the field. Additionally, this Reprint is intended for

clinicians, including physical therapists and occupational therapists, who can apply the reported

findings to improve their patient assessment or intervention strategies. Moreover, we believe

this collection of papers will be of great interest to students and academics who are new to the

field, offering a curated entry point into the most pressing and dynamic topics in contemporary

neuromechanics. We hope to inform and inspire future generations of researchers to continue

exploring the dynamic complexities of human movement.

Luis Augusto Teixeira

Guest Editor
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Nonlinear Gait Variability Increases with Age in Children from
2–10 Years Old
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Abstract: Background: Linear methods of analysis of variability are concerned with the
magnitude of variability and often consider deviations from a central mean as errors.
The utilization of nonlinear tools to examine variability allows for the exploration and
measurement of the patterns of variability displayed by the system. This methodology
explores the deterministic properties of biological signals, in this case, gait, or how previous
iterations within the gait cycle influence subsequent and future iterations. The nonlinear
analysis of gait variability of the joint angle time series has not been investigated in
developing children. Methods: We collected 3 min of treadmill walking data for 28 children
between the ages of 2 and 10 years old and analyzed their joint angle time series using
nonlinear methods of analysis (sample entropy, largest Lyapunov exponent, and recurrence
quantification analysis). Results: Our results indicate that the nonlinear variability of
children’s gait increases as children age. Interestingly, this contrasts with the findings
from our previous work that showed a decrease in linear variability as children age. The
combination of a decrease in linear variability, or a refined and improved stability of
gait, as well as an increase in nonlinear variability, or an increase in the sophistication
and quality of movement patterns, suggest an overall maturation of the neuromuscular
system. Conclusions: Our study indicate that there is a refining of gait with age and motor
maturation. This refining speaks to the overall multifaceted organization of systems that
defines the maturation of gait.

Keywords: biomechanics; variability; gait; nonlinear; children

1. Introduction

Researchers interested in the movement sciences have used linear methods to analyze
movement variability. When linear tools are utilized, the magnitude of variability becomes
the emphasis, while assuming that all repetitions of a behavior, such as gait cycles, are
independent from what has happened before or what will happen after [1]. Another way
to view variability in the world of movement science is through the lens of nonlinear
methods. Nonlinear methods focus on the structure of variability by scrutinizing patterns
in the variability across time. Nonlinear methods view the determinism within a series
of movements or how one movement influences the next, and so on. Both the magnitude
and structure of variability offer valuable information regarding movement and can differ
between persons [1]. Interestingly, some movements may fall within the same magnitude of
variability, but possess differences in the structure of the variability. This is a key distinction,

Biomechanics 2025, 5, 10 https://doi.org/10.3390/biomechanics5010010
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as structure of variability has been associated with the health of biological systems. Healthy
systems are those that possess a certain amount of stability but remain adaptable [2]. Both
exceeding regularity across repetitions, with extremely periodic organization of variability,
as well as an absence of consistency, with random organization of variability, have been
linked to poor health [3,4]. The extrema of variability can be thought of as two ends of a
spectrum, but in the middle lives a deterministic but non-periodic pattern that provides a
balance between flexibility and stability of behavior. This middle state is associated with
maximum complexity, which is defined as the highly variable fluctuation in physiological
processes, resembling mathematical chaos [1].

The utilization of nonlinear tools allows for the exploration and measurement of the
patterns of variability displayed by the system. These nonlinear tools can be used to study
gait in humans [5–8]. Previous work investigating the progression and development of
the gait of healthy children has focused mostly on the spatiotemporal, kinematic, and
kinetic aspects of children’s gait, with little focus on variability. Of the investigations into
variability, there has been even less of a focus with an eye toward the nonlinear dynamics
and nonlinear variability. One particular study showed that the variability measures of the
spatiotemporal aspect of children’s gait, as well as the nonlinear measures of the dynamics
of gait in children, are age-dependent, and do not mature and become adult-like until after
10 years of age [9]. These results were in contradiction to the previously conceived notion
that children’s gait was mostly mature by the age of 4 years old [10]. In a previous study,
we indicated a lack of early maturation of spatiotemporal measures as well, utilizing both
linear and nonlinear methods [11]. The linear methods of variability (standard deviation
and coefficient of variation) proved to be extremely age-dependent, with younger children
exhibiting more variability than their older counterparts. Nonlinear measures also showed
differences with age, as regularity (entropy) and complexity (detrended fluctuation analysis
(DFA)) increased with age.

The use of entropy and DFA to analyze the spatiotemporal time series provided new
insight into the developmental trajectories of children’s gait, while paving the way for
further investigation into different aspects of children’s gait using nonlinear variability
methods [9]. A specific aspect of gait that nonlinear methods have been successful at
analyzing in adult gait is the joint angle time series during walking. Entropy, largest
Lyapunov exponent (LyE), and recurrence quantification analysis (RQA) have all been
used to analyze the joint angle time series of the lower extremity to describe gait variability
and gait variability changes [12–15]. Specifically, analyzing the joint angle time series with
nonlinear measures has enabled the detection of differences between adult walkers, with
and without pathology [8,12,14].

Utilizing these nonlinear measures for the investigation of joint angle time series
in children has not been examined. To further the understanding of children’s gait and
the development of children’s gait variability, nonlinear measures of analysis should be
utilized on the joint angle time series of children. Differences in the structure of variability
of the joint angle time series of children at different points in their development should be
identifiable using nonlinear tools of analysis. The use of nonlinear methods could shed
light on the potential control mechanisms being used and the refinement of gait throughout
development and will provide a launching point for the comparison of the natural trajectory
of gait development. This new information can be used to help understand various types
of pathological gait in children.

The purpose of this study was to assess the development of kinematic gait variability
in children from ages 2–10 years old using nonlinear methods of analysis. To do this, we
grouped children into four separate age groups consisting of 2–3-year-olds, 4–5-year-olds,
6–7-year-olds, and 8–10-year-olds. We then had them walk on the treadmill for three
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minutes. The joint angle time series of the lower extremity were then analyzed. We
hypothesized that as children aged, their gait variability will become more regular and
exhibit greater adaptability. We also hypothesized that with age, children will display less
stride-to-stride fluctuation in their gait.

2. Materials and Methods

2.1. Subjects

Our study involved 28 boys and girls split into four separate age groups. The age
groups consisted of 2–3-year-olds (n = 7), 4–5-year-olds (n = 7), 6–7-year-olds (n = 7), and
8–10-year-olds (n = 7) (Table 1). Power analysis was conducted to determine that groups
of four subjects were necessary to achieve adequate power. All participants provided
parental informed consent and child assent before any research activities commenced, as
approved by the university’s Institutional Review Board. Healthy children, free from any
musculoskeletal disorders, injuries, or developmental delays, were included in our study.

Table 1. Subject demographics by age group for participants.

2–3-Year-Olds
(N = 7)

4–5-Year-Olds
(N = 7)

6–7-Year-Olds
(N = 7)

8–10-Year-Olds
(N = 7)

Gender (male/female) 4/3 3/4 3/4 3/4
Age (months) 35.9 ± 7.3 58.57 ± 5.7 81.57 ± 6.37 115.6 ± 6.02
Body mass (kg) 13.67 ± 2.5 17.31 ± 1.4 25.99 ± 4.97 38.44 ± 5.23
Body height (m) 0.92 ± 0.08 1.04 ± 0.03 1.22 ± 0.06 1.38 ± 0.03
Onset of walking (months) 12.14 ± 0.69 12.57 ± 2.15 12.21 ± 1.30 13.29 ± 0.95
Walking speed (m) 0.56 ± 0.16 0.78 ± 0.14 0.92 ± 0.08 1.07 ± 0.11

Note: values are shown as mean ± standard deviation.

2.2. Experimental Procedures

All subjects were provided with tight-fitting athletic shorts to be worn during the
data collection process to ensure accurate marker placement for the motion capture system.
The subject’s shoe size was then determined, and they were provided with a standard
laboratory shoe (Nike Free 5.0). The lab-provided shoe was employed to eliminate potential
differences in footwear styles worn by the children, while also providing a normalized
control. The Nike Free 5.0 is considered a “minimalist” style shoe, which mostly mimics
barefoot conditions [16]. Study participants were given time to familiarize themselves
with the treadmill (Bertec Corp, Columbus, OH, USA) and the lab shoe, while a self-
selected comfortable walking speed was determined. Previous work has shown that
treadmill walking functions to reduce gait variability compared to overground walking [17].
However, this work analyzed spatiotemporal gait and not the variability of joint angle
kinematics. Treadmill walking was selected in comparison to overground walking because
of the requirement for a long time-series of unbroken data. Retro-reflective markers were
then placed on the subject at specific anatomical locations of the foot, shank, thigh, and
pelvis, according to the marker systems established by Nigg et al. [18] and Vaughan
et al. [19]. Lower extremity marker locations were acquired for one three-minute trial per
condition at 100 Hz using an eight-camera motion capture system (Vicon Motion Systems,
Oxford, UK). The participants performed the walking trials positioned 2 m in front of
a screen in a virtual reality environment. However, to simulate walking on a stationary
treadmill with static optic flow stimulation, a picture of the static room surround was
projected on the virtual reality screens. The two conditions consisted of at least 3 min of
walking at a self-selected comfortable walking speed while barefoot and while wearing
the lab-provided footwear. The data were left unfiltered so as not to affect or influence
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potential biological signals within the data. It has been shown that filtering the data can
lead to altered nonlinear results [20].

2.3. Data Analysis

We computed the joint angle time series in the sagittal plane of the ankle, knee, and
hip joints utilizing Visual 3D software (C-Motion Inc., Germantown, MD, USA). Data
processing and analysis were conducted using custom Matlab scripts (The Mathworks
Inc., Natick, MA, USA). Lower extremity sagittal plane joint angles were analyzed because
most bipedal motion occurs in the sagittal plane during gait. Sample entropy (SE) was
calculated to determine the organization of the gait variability of each joint angle time
series. A lower value of SE alludes to more rigidity and regularity and thus, less variability
in the time series. A larger value of SE means more variability in the time series. The
structure of the gait variability during the walking trials was evaluated using the LyE.
The methodology of the LyE has been outlined in great detail by Wurdeman et al. in a
separate publication [13]. In brief, the LyE measures the exponential divergence of the
movement trajectories within a reconstructed state space [21]. Recurrence quantification
analysis (RQA) of the joint angle time was also performed. RQA is a method of nonlinear
data analysis for the investigation of dynamical systems. RQA quantifies the number and
duration of recurrences of a dynamical system presented by its phase space trajectory, and
it has been proven to be a good way to analyze the predictability and complexity of the
system. We evaluated the percent determinism (%Det) and mean line (MLine) for our
data. %Det is the percentage of recurrent points forming line segments parallel to the main
diagonal line. The presence of these lines reveals the existence of a deterministic structure.
MLine is the average length of all the line segments on the RQA plot. The MLine is a good
indicator of the predictability of the time series.

2.4. Statistical Analysis

A one-way ANOVA with four factors (four age groups) was performed to determine
the statistical significance for each of the dependent variables for the ankle, knee, and hip
joints angle time series, respectively. The dependent variables include SE, LyE, %Det, and
MLine. When significant effects were determined, post hoc comparisons were performed
using the Tukey method. Statistical analysis was completed in SPSS Statistics 29 (IBM
Corporation, Armonk, NY, USA).

3. Results

Mean and standard deviations of all variables can be found in Table 2. Significance
between the variables is denoted by symbols.

Table 2. Group means for sample entropy, largest Lyapunov exponent, and recurrence quantification
analysis for the 2–3, 4–5, 6–7, and 8–10-year-old groups.

2–3
(N = 7)

4–5
(N = 7)

6–7
(N = 7)

8–10
(N = 7)

Sig.

Sample Entropy

Ankle 0.322 ± 0.016 0.315 ± 0.037 0.308 ± 0.045 0.282 ± 0.048
Hip 0.223 ± 0.025 0.226 ± 0.016 0.229 ± 0.016 0.195 ± 0.021 ‖¶

Knee 0.230 ± 0.017 0.233 ± 0.036 0.232 ± 0.043 0.261 ± 0.053

Largest Lyapunov Exponent

Ankle 1.06 ± 0.10 1.17 ± 0.10 1.28 ± 0.10 1.43 ± 0.08 †‡‖¶

Hip 0.60 ± 010 0.67 ± 0.13 0.75 ± 0.19 0.89 ± 0.15 ‡‖
Knee 1.11 ± 0.08 1.19 ± 0.08 1.24 ± 0.10 1.30 ± 0.10 †‡
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Table 2. Cont.

2–3
(N = 7)

4–5
(N = 7)

6–7
(N = 7)

8–10
(N = 7)

Sig.

Recurrence Quantification Analysis
%Determinism

Ankle 73.2 ± 9.9 78.8 ± 5.6 83.6 ± 6.2 86.9 ± 4.2 †‡

Hip 76.9 ± 6.7 80.9 ± 2.4 90.5 ± 4.9 95.7 ± 2.2 †‡§‖
Knee 71.5 ± 9.8 76.1 ± 13.5 77.5 ± 15.3 83.9 ± 5.3

Mean Line

Ankle 2.51 ± 0.24 2.55 ± 0.44 2.60 ± 0.27 3.06 ± 0.40 ‡

Hip 4.87 ± 1.75 5.31 ± 1.04 5.91 ± 1.41 6.10 ± 1.44
Knee 2.10 ± 0.59 2.66 ± 0.59 2.60 ± 0.39 3.51 ± 1.21 ‡

Note: values are shown as mean ± standard deviation. Special characters for the following represent a p < 0.05,
significant differences between groups 2–3 and 4–5. † p < 0.05, significant differences between groups 2–3 and 6–7.
‡ p < 0.05, significant differences between groups 2–3 and 8–10. § p < 0.05, significant differences between groups
4–5 and 6–7. ‖ p < 0.05, significant differences between groups 4–5 and 8–10. ¶ p < 0.05, significant differences
between groups 6–7 and 8–10.

To see if the results were age-dependent and not a function of biomechanical changes
related to growth, we investigated the linear relationship between both age and leg length
and age and gait speed. In the present study, both leg length (r = 0.966 p < 0.001) and
gait speed (r = 0.839 p < 0.001) increased linearly with age. Thus, we also conducted
comparisons while normalizing the dependent variables with respect to both leg length
and gait speed.

3.1. Sample Entropy of Joint Angle Time Series

The results for the SE analysis are shown in Figure 1. There was only a significant
effect of age for the SE of the hip joint time series F (3,24) = 4.296, p = 0.015. Specifically,
post hoc comparisons revealed that the 8–10-year-old group exhibited significantly greater
SE at the hip compared to both the 4–5-year-old group (p = 0.04) and the 6–7-year-old group
(p = 0.019). The SE for the ankle and knee joint angle time series did not produce an effect
(p > 0.05). There was a significant linear trend of age for SE at the hip (r = 0.394, p < 0.05), as
well as at the knee (r = 0.481, p < 0.05), but not at the ankle (p > 0.05).

Figure 1. Violin and box plots showing the distribution of the sample entropy of the ankle, hip, and
knee joint time series. Data are reported for the age groups.

Normalized comparisons for SE showed a significant effect at both the hip F (3,24) = 29.51,
p < 0.001, and knee F (3,24) = 10.17, p < 0.001, joints. Post hoc comparisons at the hip joint
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showed that the normalized SE of the hip joint angle time series decreased with age.
Specifically, the 2–3-year-old group showed the greatest SE, and it was significantly greater
than that of all other age groups (p < 0.05). The 4–5-year-old group exhibited significantly
greater SE than did the 6–7-year-old group and the 8–10-year-old group (p < 0.05). The
results for the 6–7-year-old group were also significantly greater than for the 8–10-year-old
group (p < 0.05). Post hoc comparisons at the knee joint showed that the normalized
SE of the knee joint angle time series also significantly decreased with age, except for in
the 6–7-year-old group and 8–10-year-old group (p < 0.05). Specifically, the 2–3-year-old
group exhibited a significantly greater normalized SE at the knee compared to that of the
4–5-year-old, 6–7-year-old, and 8–10-year-old groups (p < 0.05). The 4–5-year-old group
showed a significantly greater normalized SE at the knee than did the 6–7-year-old group
and the 8–10-year-old group (p < 0.05), but there was no significant difference between the
6–7-year-old and the 8–10-year-old groups (p > 0.05).

3.2. Lyapunov Exponent of Joint Angle Time Series

The results for the LyE analysis are shown in Figure 2. There were significant effects
of age group for the LyE of the ankle joint time series F (3,24) = 19.686, p < 0.001, the hip
joint time series F (3,24) = 4.958, p = 0.008, and the knee joint time series F (3,24) = 6.151,
p = 0.003. Post hoc comparisons at the ankle joint indicate that the 2–3-year-old group
exhibited significantly lower LyE compared to that of the 6–7-year-old group (p = 0.001)
and the 8–10-year-old group (p < 0.001). The 4–5-year-old group showed significantly
lower LyE values compared to those of the 8–10-year-old group (p < 0.001), while LyE of
the 6–7-year-old group was also significantly lower than that of the 8–10-year-old group
(p = 0.032). At the hip joint, post hoc comparisons showed that LyE of the 8–10-year-old
group was significantly greater than that of both the 2–3-year-old group (p = 0.006) and
the 4–5-year-old group (p = 0.048). At the knee joint, LyE was significantly lower for the
2–3-year-old group compared to that of both the 6–7-year-old group (p = 0.043) and the
8–10-year-old group (p = 0.002). There were no significant differences in LyE for the other
group comparisons at the respective joints. There was a significant linear effect of age on
LyE at the ankle (r = 0.374, p = 0.05), at the hip (r = 0.470, p < 0.05), and at the knee (r = 0.445,
p < 0.05).

Figure 2. Violin and box plots showing the distribution of the largest Lyapunov exponent of the
ankle, hip, and knee joint time series. Data are reported for the age groups.

Normalized comparisons for LyE showed that a significant effect remained for the
ankle F (3,24) = 7.592, p = 0.001, and knee F (3,24) = 17.533, p < 0.001, joint angle time series.
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Post hoc comparisons for the normalized LyE at the ankle revealed that the 2–3-year-old
group exhibited a significantly lower normalized LyE than did the 6–7-year-old and 8–10-
year-old groups (p < 0.05). The 4–5-year-old group also displayed a significantly lower
normalized LyE at the ankle compared to that of the 6–7-year-old and 8–10-year-old groups
(p < 0.05). There were no differences between the 2–3-year-old group and the 4–5-year-old
group or the 6–7-year-old group and the 8–10-year-old group (p > 0.05) for the normalized
LyE at the ankle. At the knee joint, post hoc comparisons showed that the normalized LyE
significantly decreased with age. Specifically, the 2–3-year-old group showed a significantly
greater normalized LyE compared to that of the 4–5-year-old, the 6–7-year-old, and the
8–10-year-old groups (p < 0.05). The 4–5-year-old group showed a significantly greater
normalized LyE at the knee compared to that of both the 6–7-year-old and the 8–10-year-old
groups (p < 0.05). There were no significant differences between the 2–3-year-old group
and the 4–5-year-old group or the 6–7-year-old group and the 8–10-year-old group.

3.3. Recurrence Quantification Analysis of Joint Angle Time Series

The results for the RQA analysis are shown in Figure 3. There was a significant effect
for %Det of the joint angle time series at the ankle F (3,24) = 5.326, p = 0.006. Specifically, post
hoc tests showed that the 2–3-year-old group exhibited significantly less %Det than did both
the 6–7-year-old group (p = 0.040) and the 8–10-year-old group (p = 0.005). No significant
differences were found between the other age groups. There was also a significant effect
for %Det at the hip joint F (3,24) = 26.072, p < 0.001. Specifically, post hoc tests show that
the 2–3-year-old group showed a significantly lower %Det at the hip compared to both the
6–7-year-old group (p < 0.001) and the 8–10-year-old group (p < 0.001). The 4–5-year-old
group also showed a significantly lower %Det than either the 6–7-year-old group (p = 0.003)
or the 8–10-year-old group (p < 0.001). There were no other significant differences at the
hip joint for %Det between groups. At the knee joint, there was not a significant effect for
%Det. There was a significant linear trend for %Det of the ankle (r = 0.628, p < 0.05) and the
hip (r = 0.864, p < 0.05), but not at the knee (p > 0.05).

Normalized comparisons for %Det showed there were significant effects for the ankle F
(3,24) = 14.076, p < 0.001, hip F (3,24) = 30.874, p < 0.001, and knee F (3,24) = 10.518, p < 0.001
joints. Specifically, at the ankle joint, normalized %Det was significantly greater for the
2–3-year-old group than for the 6–7-year-old group and the 8–10-year-old group (p < 0.05).
The 4–5-year-old group also showed significantly greater normalized %Det compared to
the 6–7-year-old-group and the 8–10-year-old group (p < 0.05), but it was not different from
that of the 2–3-year-old group. There were also no differences for normalized %Det at the
ankle for the 6–7-year-old and 8–10-year-old groups (p > 0.05). At the hip joint, normalized
%Det was significantly greater in the 2–3-year-old groups than in all three other groups
(p < 0.05). The 4–5-year-old group also showed significantly greater normalized %Det
than did the 6–7-year-old group and the 8–10-year-old group (p < 0.05), but there was no
difference between the 6–7-year-old group and the 8–10-year-old group (p > 0.05). At the
knee joint, normalize %Det was significantly greater in the 2–3-year-old group than in the
6–7-year-old group and the 8–10-year-old group (p < 0.05), but the 2–3-year-old group did
not differ from from the 4–5-year-old group. The 4–5-year-old group showed significantly
greater %Det at the knee joint than did the 6–7-year-old group and the 8–10-year-old group
(p < 0.05), while the results for the 6–7-year-old group and the 8–10-year-old group did not
differ (p > 0.05).
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Figure 3. Violin and box plots showing the distribution of the recurrence quantification analysis
(%Determinism, mean line) of the ankle, hip, and knee joint time series. Data are reported for the
age groups.

There was a significant effect for MLine at the ankle joint F (3,24) = 3.773, p = 0.024.
Specifically, post hoc tests showed that the 8–10-year-old group had a significantly greater
MLine at the ankle joint compared to that of the 2–3-year-old group (p = 0.031). There were
no other significant group differences for ankle MLine. There was not a significant effect for
MLine at the hip joint (p > 0.05). There was a significant effect for MLine at the knee joint
F (3,24) = 4.175, p = 0.016. Specifically, post hoc comparisons show that the 8–10-year-old
group displayed a significantly greater MLine at the knee joint compared to that of the
2–3-year-old group (p = 0.010). No other significant differences existed between groups
for MLine at the knee joint. There was a significant linear trend for MLine at the ankle
(r = 0.489, p < 0.05) and the knee (r = 0.645, p < 0.05) but not at the hip joint (p > 0.05).

The normalized comparisons for MLine revealed a significant effect at the ankle joint
F (3,24) = 11.826, p < 0.001. Post hoc comparisons of the normalized MLine at the ankle joint
revealed that the 2–3-year-old group exhibited a significantly greater normalized MLine
compared to that of the 4–5-year-old, 6–7-year-old, and 8–10-year-old groups (p < 0.05).
The 4–5-year-olds also showed a significantly greater normalized MLine compared to that
of the 6–7-year-old and the 8–10-year-old groups (p < 0.05). There was not a significant
difference between the 6–7-year-old and the 8–10-year-old groups (p > 0.05).

4. Discussion

The purpose of our study was to assess the development of joint kinematic gait vari-
ability in typically developing children using nonlinear methods of analysis. We specifically
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wanted to investigate the joint angle time series of the lower extremities of children, at
various developmental stages, while walking. Previous studies had investigated the spa-
tiotemporal aspect of children’s gait throughout development using nonlinear methods, but
little emphasis has been placed on the joint angle time series of walking. We hypothesized
that there would be an age effect on the gait variability of children. Specifically, as children
aged, their gait variability would become more regular and more stable, as well as exhibit
less stride-to-stride fluctuation.

Our hypotheses were partially supported for this study. Similar to results obtained
by analysis of the spatiotemporal aspect of children’s gait variability [8,10], the nonlinear
analysis of the joint angle time series showed that the structure of gait variability in children
is age-dependent. There was an age effect on the LyE and %Det of the joint angle time series
at the ankle, hip, and knee. All three joints showed an increase with age, from youngest to
oldest, for both the LyE and %Det. Neither the SE or MLine showed the same pattern of
results or possessed the same significant differences. This is especially interesting because
the SE of the stride time and stride length time series was age-dependent in the results of
previous work [10]. Our results indicated a significant age effect on the nonlinear variability
of the joint angle time series, even after normalizing for both leg length and gait speed to
account for the natural differences in children due to growth and physical variations.

Interestingly, the direction of the age-dependency of the spatiotemporal variables of
previous work contrasts with many of the results found in this study using the kinematic
variables. The variability of the spatiotemporal variables decreased with age, while the
variability of the kinematic variables increased as the children got older. These results could
point to a hierarchy of behaviors to accomplish the desired goal of walking. To achieve the
most stable gait, spatiotemporal variability may need to be minimized. Thus, as children
age, the variability within their spatiotemporal gait decreases. How they accomplish this
may be explained by the increase in their kinematic variability. Using the framework of
dynamical systems theory [21], altering the parameter of kinematic variability, or in this
case, increasing the complexity of the overall movement patterns, results in less variability
in the spatiotemporal variables and an increased stability of gait.

As expected, our results indicate that gait variability and the structure of gait variability
are continually changing throughout development in children and are extremely age-
dependent. The LyE is able to examine the quality and structure of movement patterns
and movement stability [12] and in this case, the joint angles of gait in children. Larger
magnitudes of LyE indicate greater attractor divergence of the gait patterns and can be
equated with maturing control of the motor system. As our groups increased in age
from 2 to 10 years old, the LyE also increased. This was evident at the ankle, hip, and
knee joints, respectively. As children gain more walking experience, the quality of their
movements become more refined, exhibiting more stable, yet complex, movements. As
children age, their gait variability may be becoming more chaotic, but it is also becoming
more deterministic as well.

In our study, the RQA measure of %Det proved to also increase as children aged. Like
the LyE outcomes, the %Det results span across all three joints of the lower extremity. %Det
can be interpreted as a decrease in variability as a system becomes more deterministic.
This seems to contradict and go against the premise of this study. However, when coupled
with the LyE results, the overall results of our study agree with the theory of optimal
movement variability. The theory of optimal movement variability posits that there is a
sweet spot of sorts for movement variability. Too much or too little variability is unfavorable
and detrimental to the system, as evidenced by a connection with unhealthy systems.
Interpreting our results using this theoretical basis shows that the time series is increasingly
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diverging, while also becoming more deterministic. This behavior shows the complexity
and sophistication of the development of movement trajectories.

As children get older and gain more experience walking, their neuromuscular systems
and overall motor control are also maturing [22]. The combination of the maturation of the
systems and gained experience leads to an overall better organization of movements [9,10].
The increase in divergent patterns, as well as increased determinism, makes for a more
robust movement system that is capable of dealing with small perturbations without
flaw. When we get older and become more experienced walkers, we can navigate our
environment with ease. Small increases in rise or bumps in a path that could elicit falls in
the youngest of walkers are hardly noticed by the more adept, experienced walker.

Our results provide a blueprint for the developmental trajectory of gait variability in
typically developing children. Investigations into the maturation of gait and the devel-
opment of movement pathology in children can be weighed against our results to better
understand how pathology affects gait variability. This information can then be used to
further understand the mechanisms underlying that pathology and aid and assist with
the creation of therapies and new movement strategies to eventually overcome pathology.
Future studies should consider exploration into the development of neuromuscular control
utilizing the combination of nonlinear methods of analysis of children’s gait and other
measures, such as electromyography. A multifaceted approach to researching the develop-
ment of motor control in children, utilizing nonlinear analysis, could shed light on many
of the unknowns regarding how children self-organize and how their motor movements
develop organically throughout childhood. Limitations to our study include the children’s
potential lack of experience walking on the treadmill. Although all four groups were
equally inexperienced walking on a treadmill, to minimize this effect, all participants were
given an acclimation period of walking until comfort was perceived. Another limitation is
that the children were provided with the specific footwear used for this study to control
for varying types of shoes that the children currently wore. The effect of the new shoe was
minimized through the acclimation period on the treadmill.

5. Conclusions

In conclusion, we set out to investigate the development of gait variability in children
by analyzing the stride-to-stride dynamics of the joint angle times series. Our study
was able to advance the understanding of the developmental trajectory of children’s gait
variability by utilizing nonlinear methods of analysis. Children’s gait becomes more refined
with age, gaining sophistication by increasing adaptability, as well as organization. Walking
experience alone is not the driving force, as many systems within the developing child are
maturing. This type of investigation merely scratches the surface regarding obtaining a full
understanding of the maturation dynamics of children’s gait. A multifaceted approach to
understanding motor control should be utilized in future research.
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Abstract: Background/Objectives: Stroke survivors often develop asymmetric gait pat-
terns that may lead to abnormal knee joint loading and potentially increased risk of
osteoarthritis. This study aimed to investigate differences in knee joint loading between
paretic and non-paretic limbs during walking in individuals post-stroke. Methods: Twenty-
one chronic stroke survivors underwent three-dimensional gait analysis. A modified
musculoskeletal model with a specialized knee mechanism was used to estimate medial
and lateral tibiofemoral contact forces during the stance phase. Statistical parametric map-
ping was used to identify significant differences in joint kinematics, kinetics, and contact
forces between limbs. Stepwise regression analyses examined relationships between knee
moments and compartmental contact forces. Results: Significant differences in knee load-
ing were observed between limbs, with the non-paretic limb experiencing higher medial
compartment forces during early stance (6.7–15.1%, p = 0.001; 21.9–30.7%, p = 0.001) and late
stance (72.3–93.7%, p < 0.001), and higher lateral compartment forces were recorded during
pre-swing (86.2–99.0%, p < 0.001). In the non-paretic limb, knee extensor moment was
the primary predictor of first peak medial contact force (R2 = 0.573), while knee abductor
moment was the primary predictor in the paretic limb (R2 = 0.559). Conclusions: Muscu-
loskeletal modeling revealed distinct asymmetries in knee joint loading between paretic and
non-paretic limbs post-stroke, with the non-paretic limb experiencing consistently higher
loads, particularly during late stance. These findings suggest that rehabilitation strategies
should address not only paretic limb function but also potentially harmful compensatory
mechanisms in the non-paretic limb to prevent long-term joint degeneration.

Keywords: stroke rehabilitation; knee joint loading; musculoskeletal modeling; gait biomechanics

1. Introduction

Stroke remains one of the leading causes of long-term disability worldwide, resulting
in significant impairments in sensory, motor, cognitive, and visual functions that substan-
tially impact daily activities [1,2]. A particularly challenging consequence of stroke is
asymmetric gait patterns, where survivors predominantly rely on their unaffected limb for
locomotion, leading to what is known as hemiplegic gait [3]. While, this compensatory
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strategy enables mobility and allow patients to retain steady walking state, it may introduce
biomechanical alterations in both lower limbs, such as abnormal knee loading. Despite
achievements in rehabilitation techniques [4,5], stroke survivors still encounter significant
abnormalities in their walking patterns, such as altered joint mobility, spatiotemporal
asymmetries, uneven weight distribution on the lower limbs, and modifications in muscle
activation patterns [6].

Abnormal walking pattern in unilateral conditions and the repetitive high loads
imposed on joint structures can lead to stress-related joint injuries and disorders in the
unaffected limb or disease progression in the affected limb. A similar pattern has been
observed in individuals with unilateral osteoarthritis (OA) or lower-limb amputation, who
are at higher risk of developing OA in the contralateral knee joint (i.e., the knee of the
opposite limb from the affected side). This supports the belief that asymmetric mechanical
loading plays an important role in the development of knee OA [7–9]. However, these
findings are based on external measures as proxies for actual joint loading, such as external
knee joint moments [10]. Extensive research on knee loading during gait of knee OA
patients has revealed knee adduction and flexion moments (KAM and KFM, respectively)
which only relate to first peak of knee contact forces [11], whereas no statistical relationship
has been found between the second knee contact force (KCF) peak and external joint
moments. Moreover, a case study using instrumented knee prosthesis showed that a
reduction in first peak KAM does not guarantee a reduction in medial contact load [12]
or indicate changes in the relative distribution of the loading between medial and lateral
compartments. Lastly, some studies in patients with early stages of knee OA suggest that
altered KAM and KFM are not risk factors in the initial development of knee OA [13].

The characteristic impairments of post-stroke gait, including reduced walking speed,
altered knee joint range of motion [14], abnormal muscle co-activation patterns [15], and
asymmetrical knee joint kinetics between paretic and non-paretic limbs [16], could increase
joint loading and contribute to cartilage degeneration [17]. Knee cartilage thinning has
been reported in hemiparetic knees [18,19], particularly on the lateral side [20], and is
linked to knee pain and knee OA onset or progression. Knee OA prevalence among stroke
patients can reach up to 21% [21], which can negatively affect rehabilitation outcome [22]
and quality of life. A previous study [23] in stroke survivors showed that there is likely to
be an increase in loading either in the non-paretic limb or in the paretic limb during gait
compared to healthy individuals, while in another study [24], no different knee loading
was found between lower limbs. Again, these studies rely on knee external joint moments,
which correlate only with the first peak of the medial KCF [25], leaving other knee loading
parameters—such as complete waveforms and peak lateral KCF—unexplored. Further-
more, the relationship between external moments and peak knee loading in stroke gait
remains unclear.

Musculoskeletal (MSK) modeling offers a more sophisticated approach to estimating
internal joint forces, accounting for both external loads and muscle contributions, thus
providing more accurate insights into the actual cartilage loading conditions experienced
during gait [26]. It is primarily based on accurate recorded motion from 3D gait analysis
labs using retroreflective markers and devices recording ground reaction forces, as inputs
to inverse dynamics algorithms that calculate muscle and joint reaction forces utilizing a
wealth of MSK models [27,28]. However, despite its potential and its rather limited use in
examining post-stroke gait [29], there is currently no research applying musculoskeletal
modeling to examine knee joint loading in stroke survivors. Nevertheless, it has been
extensively used to calculate knee contact forces in numerous scenarios [30,31], in particular
for knee OA and total knee replacement patients, and validated against actual forces
recorded from a limited number of total joint replacement devices [32].
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Therefore, the purpose of this study was to investigate the differences in knee joint
loading between paretic and non-paretic limbs during walking in individuals post-stroke
using musculoskeletal modeling. We hypothesized that the non-paretic limb would experi-
ence greater knee joint forces compared to the paretic limb, reflecting the compensatory
strategies commonly adopted by stroke survivors during gait. As a secondary aim, we
explored the relationship between external joint moments and knee joint loading and
tried to validate the findings of the previous literature on knee OA patients and healthy
individuals. These insights could inform training protocols to optimize stroke recovery.

2. Materials and Methods

2.1. Participants

Twenty-one individuals (eleven males) with chronic stroke participated in this study.
Participants were recruited from the outpatient Neurological Rehabilitation Unit at the
University Hospital of Alexandroupolis, Greece and participated in two separate investi-
gations, with eleven participants from a previous repeatability study [33] and ten from a
subsequent investigation. The participants’ affected side was distributed as follows: eleven
had left hemiparesis and ten had right hemiparesis. The mean age was 62.8 ± 4.7 years and
the mean body mass index was 28.9 ± 4.14. All participants provided written informed
consent, and the study protocols were approved by the institutional ethics committee of
the Democritus University of Thrace, Greece. Participants were included if they met the
following criteria: (1) chronic phase of stroke (at least 6 months post-stroke), (2) age above
18 years, (3) walking speed above 0.2 m/s with no upper limit, (4) ability to walk with-
out assistance, and (5) diagnosed hemiparesis with observable motor impairment in the
affected limb at the time of enrolment, as confirmed by a licensed healthcare professional
(6). Participants with only non-motor stroke symptoms (such as isolated facial weakness,
dysarthria, or sensory deficits) were not eligible for the study. According to the National
Institutes of Health Stroke Scale [32], almost all patients had a score between 1 and 4 (minor
stroke) with one patient scoring 7 (moderate stroke).

2.2. Data Collection

Three-dimensional gait analysis was performed using two different motion capture
setups. For the first cohort, three-dimensional marker coordinates were recorded using
six infrared cameras (Vicon MX 0306012, Oxford, UK) sampling at 100 Hz. For the second
cohort, a 10-camera Vicon (Vicon Motion Systems Ltd., Oxford, UK) system was employed,
also sampling at 100 Hz. In both setups, ground reaction forces were recorded using two
force plates (type 9281B11 and 9281CA, Kistler Instruments AG, Winterthur, Switzerland)
embedded in the middle of a 10-m walkway, sampling at 1000 Hz.

Retroreflective markers were placed on anatomical landmarks following two protocols
(see Figure 1). For the first cohort, markers were placed according to the Vicon Plug-in-
Gait lower-body protocol, while the second cohort utilized a full-body marker according
to the conventional gait model set comprising 57 markers, although only the markers
corresponding to the PiG model were used for the analysis. All participants walked
barefoot along the walkway at their self-selected speed. Marker trajectories and ground
reaction forces were processed using Vicon Nexus software (v 2.12.1) and filtered using
a low-pass filter with a 6 Hz cutoff frequency. A minimum of five successful trials were
collected for each participant, where a successful trial was defined as clean force plate
contact with the affected limb.
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Figure 1. Left: Full-body marker placement according to the Plug-in-Gait protocol with retroreflective
markers (pink spheres) positioned on anatomical landmarks. Right: Detailed view of the specialized
knee mechanism used to estimate medial and lateral compartment contact forces. The mechanism
features medial and lateral contact points (blue spheres) and the frontal plane alignment components
that enable distribution of forces between compartments.

2.3. Musculoskeletal Modeling

A modified version of the Lerner model [34] was used to estimate joint kinematics,
kinetics, and knee contact forces. The original model was adapted by condensing the
torso segments to the pelvis due to marker protocol restrictions in the lower limb. The
model included a ball-and-socket joint between the third and fourth lumbar vertebra, three
translations and three rotations of the pelvis, ball-and-socket joints at the hips, and hinge
ankle and subtalar joints.

The knee mechanism was specifically designed to resolve medial and lateral
tibiofemoral contact forces. While sagittal plane rotation and translations of the tibia
and patella relative to the femur followed Delp’s specifications [35], the tibiofemoral mech-
anism was augmented with a distal femoral component and a tibial plateau body. These
components enabled configuration of frontal plane alignment through orientation param-
eters in both the femur and tibia. The tibiofemoral articulation was modeled using a
series of joints, namely a primary knee joint, defining sagittal plane rotations and transla-
tions, and two hinge joints connecting the sagittal articulation frame to medial and lateral
tibiofemoral compartments. These hinge joints, with axes perpendicular to the frontal
plane, were welded at the anterioposterior mid-point of the tibial plateaus, maintaining
fixed positions relative to the tibia while articulating with the femoral component during
flexion–extension. While individual hinge joints could not resist frontal plane moments,
their parallel arrangement allowed load sharing between medial and lateral compartments
via medial and lateral contact points (see Figure 1) being positioned at the anterioposterior
mid-point of the respective tibial plateaus, resolving the net reaction forces and frontal
plane moments across the tibiofemoral joint. The knee remained a single degree-of-freedom
joint with motion restricted to the sagittal plane.
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Marker trajectories and ground reaction forces were used as input in OpenSim 3.3. The
model was scaled to each participant’s anthropometry using markers from a recorded static
trial prior to recordings. For each successful walking trial, joint angles were calculated using
inverse kinematics, solving for the generalized coordinates that minimized the weighted
sum of squared differences between experimental and model marker positions, according
to the following equation:

min
q

[
∑i∈markers wi

∥∥∥xexp
i − xi(q)

2
∥∥∥+ ∑j∈unprescribed coords ωj

(
qexp

j − qj

)2
]

(1)

qj = qexp
j f or all prescribed coordinates j

where q is the vector of generalized coordinates being solved for, xexp
i is the experimental

position of marker i, xi(q) is the position of the corresponding model marker (which
depends on the coordinate values), and qexp

j is the experimental value for coordinate j.
Prescribed coordinates are set to their experimental values. Joint moments were computed
using the inverse dynamics tool which solves the classical equations of motion, as follows:

M(q)
..
q+C

(
q,

.
q
)
+G(q) = τ (2)

where M(q) is the system mass matrix, C(q,
.
q) is the vector of the Coriolis and centrifugal

forces, G(q) is the vector of gravitational forces, and τ is the vector of generalized forces
(joint moments). Given the known motion (q,

.
q,

..
q), the tool solves for the unknown

generalized forces. Then, static optimization was performed to estimate muscle forces,
using a cost function that minimized the sum of squared muscle activations, according to
the following Equation (3):

min
a J(a) = ∑n

i=1 (a i)
2, (3)

where

• ai is the activation level of muscle i.
• n is the total number of muscles in the model.

The model is subject to the following constraints:

1. Moment equilibrium:

∑n
i=1 r(s)i × Fi(s, a, i) = M (4)

where

• ri(s) is the moment arm vector of muscle i at joint configuration s.
• Fi(s,ai) = ai·Fmax,i·fl(li)·fv(vi) is the force produced by muscle i.
• Fmax,i is the maximum isometric force of muscle i.
• fl(li) is the force–length relationship.
• fv(vi) is the force–velocity relationship.
• M is the net joint moment derived from inverse dynamics.

2. Activation bounds: 0 ≤ ai ≤ 1 for all i ∈ {1, 2, . . ., n}

Finally, Opensim’s joint reaction analysis was applied to each compartment’s hinge
joint to calculate medial and lateral contact forces, normalized to body mass. The parallel
arrangement of the two hinge joints allows them to share all loads transmitted between the
femur and tibia, automatically resolving the medial and lateral contact forces required to
balance the net reaction forces and frontal plane moments across the tibiofemoral joint.
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2.4. Statistical Analysis

Joint kinematics, kinetics, and vertical knee contact forces were time-normalized to
100% of the stance phase. Group differences between paretic and non-paretic limbs were
assessed using statistical parametric mapping (SPM) [36] and a paired t-test via the open-
source spm1d code [37], enabling statistical analysis and comparison of the waveform
data across the entire stance phase by conducting point-by-point hypothesis testing while
controlling for multiple comparisons [36].

For kinematic analysis, we examined hip flexion–extension, hip abduction-adduction,
hip internal-external rotation, knee flexion–extension, and ankle dorsi–plantarflexion an-
gles. Kinetic variables included the corresponding joint moments, with the addition of
the knee abductor moment. For knee contact forces, both medial and lateral compartment
forces were analyzed.

Statistical significance was set at α = 0.05. The SPM analysis generated statistical
parametric maps (SPM{t}) to identify regions of significant differences between limbs.
Significance clusters were defined as temporal regions where the SPM{t} statistic exceeded
the critical threshold. The temporal location, duration, critical t-values (t∗), and p-value are
reported for each significant cluster.

Relationships between knee contact forces and joint moments were examined through
a stepwise regression analysis. For each trial, two peaks were identified in both medial and
lateral compartment forces: the first peak was identified during early stance (5–50%) and
the second peak was identified during late stance (51–100%). At each peak time point, the
corresponding knee extensor and knee abductor moments were extracted. The stepwise
regression first identified the strongest predictor (either knee extensor or abductor moment)
based on adjusted R2 values. The second predictor was then added to assess the incremental
contribution to the model fit. For each model, we calculated the initial R2, the R2 change
(ΔR2) after adding the second predictor, and the statistical significance of the R2 change
through an F-test. The latter was calculated as ((R2 change)/(1))/((1 − R2full)/(n − 3)),
where R2 change is the improvement in R2 after adding the second predictor, R2full is the
R2 of the complete model, and n is the sample size. This analysis was performed separately
for paretic and non-paretic limbs. All contact forces were normalized to body weight,
and moments were expressed in Nm/kg. Statistical significance was set at α = 0.05. All
statistical analyses were performed using custom Python (v3.8) scripts using the open-
source spm1d package (v 0.4) [36] and statsmodels packages [38].

Given that our primary analysis compared paretic versus non-paretic limbs within
the same individuals, the side of hemiparesis was inherently controlled for in the study
design. The narrow age distribution of our cohort (62.8 ± 4.7 years) minimized potential
age-related confounding effects. Joint moments and contact forces were appropriately
normalized to body mass and weight, respectively, to control for inter-subject variability in
anthropometric characteristics.

3. Results

Significant differences in knee joint contact forces were observed between paretic and
non-paretic limbs during the stance phase. In the medial compartment, distinct periods
of significant differences occurred during early and late stance. The lateral compartment
exhibited differences only during late stance. Overall, medial compartment forces were
substantially higher than lateral compartment forces in both limbs (Table 1).
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Table 1. Peak knee contact forces and corresponding joint moments during stance phase. Values are
presented as mean ± standard deviation for both medial and lateral compartments of paretic and
non-paretic limbs. Contact forces are normalized to body weight (BW).

Variable Paretic Limb Non-Paretic Limb

Medial Compartment

First peak contact force (BW) 2.37 ± 0.51 2.42 ± 0.43

Knee extensor moment at first peak (Nm/kg) 0.57 ± 0.34 0.63 ± 0.34

Knee abductor moment at first peak (Nm/kg) 0.42 ± 0.11 0.44 ± 0.11

Second peak contact force (BW) 2.58 ± 0.60 2.72 ± 0.47

Knee extensor moment at second peak (Nm/kg) 0.30 ± 0.22 0.33 ± 0.23

Knee abductor moment at second peak (Nm/kg) 0.34 ± 0.10 0.32 ± 0.10

Lateral Compartment

First peak contact force (BW) 0.97 ± 0.41 0.88 ± 0.29

Knee extensor moment at first peak (Nm/kg) 0.39 ± 0.36 0.42 ± 0.33

Knee abductor moment at first peak (Nm/kg) 0.26 ± 0.28 0.21 ± 0.17

Second peak contact force (BW) 0.91 ± 0.41 1.03 ± 0.40

Knee extensor moment at second peak (Nm/kg) 0.41 ± 0.24 0.48 ± 0.26

Knee abductor moment at second peak (Nm/kg) 0.17 ± 0.13 0.20 ± 0.10

Statistical parametric mapping analysis revealed significant between-limb differences
in knee contact forces during specific stance phases (see Figure 2). The medial compart-
ment forces exhibited two distinct periods of significant differences. During early stance,
differences were observed from 6.7% to 15.1% (t∗= 3.2, p < 0.001) and from 21.9% to
30.7% (t∗= 3.2, p < 0.001). The most pronounced difference in medial compartment forces
occurred during terminal stance and pre-swing, spanning from 72.3% to 93.7% of stance
(t∗= 3.2, p < 0.001). For the lateral compartment, a single period of significant differ-
ence was identified during pre-swing, extending from 86.2% to 99.0% of stance (t∗= 3.17,
p < 0.001).

Figure 2. Knee joint contact forces throughout stance phase for paretic (solid blue line) and non-
paretic (dashed red line) limbs. Left panel shows medial compartment forces and right panel shows
lateral compartment forces. Forces are normalized to body mass (N/kg). Shaded areas represent
95% confidence intervals. Gray-shaded regions indicate periods of significant differences between
limbs (p < 0.05) as determined by SPM. Vertical dotted lines denote stance phase events: initial contact,
loading response, mid-stance, terminal stance, and pre-swing. Black bars along the x-axis highlight
the temporal regions of significant differences. Lower panels display SPM{t} statistic curves (black
lines) with critical threshold lines (red dashed) and values (t*).
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3.1. Kinematics and Kinetics

Joint kinematics analysis revealed consistent asymmetrical patterns between limbs
throughout stance. At the hip, flexion angle showed two distinct periods of differences,
namely during early stance (0–36.9%, t∗ = 2.71, p = 0.002) and late stance (59.2–91.2%,
t∗ = 2.71, p = 0.004), with higher angles on the non-paretic side. Higher non-paretic knee
flexion angles were found during mid-stance (10.6–56.7%, t∗ = 2.72, p < 0.001) and terminal
stance (84.4–99%, t∗ = 2.72, p = 0.029). Non-paretic ankle plantarflexion was significantly
larger at initial contact (0–5.8%, t∗ = 2.72, p = 0.046) and ipsilateral dorsiflexion during
pre-swing (90.1–99%, p = 0.042).

Joint kinetics analysis revealed distinct bilateral asymmetries across all joints, being
higher mainly on the non-paretic side. Joint moments are named according to the coun-
teracting muscle group around the respective joint. Hip extensor moment was higher on
the non-paretic side during loading response (11.7–19.8%, p < 0.001), and non-paretic hip
abductor moment exhibited higher values during early stance (25.1–38.6%, p < 0.001) and
pre-swing (81.9–90.6%, p < 0.001). Hip internal rotator moment demonstrated sustained
differences through early and mid-stance (13–52%, p < 0.001), with larger values on the non-
paretic side. Non-paretic knee extensor moment was higher during mid-stance (29.7–39.4%,
p < 0.001) and terminal stance (86.5–96.3%, p < 0.001), while non-paretic knee abductor
moment showed significantly larger values during early stance (24.5–38.3%, p < 0.001) and
pre-swing (84–91.2%, p = 0.002). The ankle plantarflexor moment exhibited differences
during loading response (8.6–15%, p = 0.012) and a prolonged period of bilateral asymmetry
during terminal stance and pre-swing (65.2–95.3%, p < 0.001), with higher values on the
non-paretic side.

Regression Analysis

The relationships between knee moments and contact forces showed distinct patterns
between limbs, as shown in the regression plots in Figure A1 in Appendix A. In the paretic
limb, the first peak medial contact force was predominantly explained by the knee abductor
moment (R2adj = 0.559, p < 0.001), with knee extensor moment providing additional
explanatory power (ΔR2adj = 0.079, p < 0.001), yielding a final R2adj of 0.638. The second
peak medial contact force demonstrated a weaker association with the knee abductor
moment (R2adj = 0.167, p < 0.001), with no significant contribution from the knee extensor
moment (ΔR2adj = 0.003, p = 0.516).

Lateral compartment forces in the paretic limb showed that the first peak was primarily
associated with the knee abductor moment (R2adj = 0.142, p < 0.001), with knee extensor
moment contributing modestly (ΔR2adj = 0.039, p = 0.028). The second peak exhibited
an inverse pattern, with knee extensor moment as the primary predictor (R2adj = 0.166,
p < 0.001) and knee abductor moment adding minor explanatory power (ΔR2adj = 0.035,
p = 0.036). However, all associations between lateral contact forces and joint moments
remained weak.

In the non-paretic limb, the first peak medial contact force was primarily associated
with the knee extensor moment (R2adj = 0.573, p < 0.001), further strengthened by the
addition of knee abductor moment (ΔR2adj = 0.099, p < 0.001), achieving a final R2adj of
0.671. The second peak showed weaker associations, with knee abductor moment as the
primary predictor (R2adj = 0.109, p < 0.001) and knee extensor moment providing minimal
additional explanation (ΔR2adj = 0.041, p = 0.027).

Lateral compartment forces in the non-paretic limb were predominantly associated
with knee extensor moments. The first peak showed a moderate relationship with knee
extensor moment (R2adj = 0.228, p < 0.001), with no significant contribution from knee
abductor moment (ΔR2adj = −0.005, p = 1.000). Similarly, the second peak was primarily
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explained by knee extensor moment (R2adj = 0.227, p < 0.001), with knee abductor moment
showing a non-significant contribution (ΔR2adj = 0.020, p = 0.099).

4. Discussion

To our knowledge, this is the first study reporting compartmental knee joint forces
during post-stroke gait. Our findings reveal distinct asymmetries in knee joint loading
between paretic and non-paretic limbs, with the latter experiencing consistently higher
loads, particularly during late stance. The increased loading in the non-paretic limb appears
to be driven by compensatory mechanisms, as evidenced by the significant kinematic and
kinetic differences observed between limbs.

Our musculoskeletal modeling analysis reveals that actual joint contact forces show
distinct asymmetries between legs during multiple phases of stance. The non-paretic
medial compartment exhibited significant higher loading during early and late stance than
the paretic side, along with the corresponding lateral compartment which also showed
higher loading during terminal stance. Higher non-paretic joint moments (see Figure 3)
seen in early-to-mid and late stance phases may explain this finding, since internal muscle
moments must be produced to counteract the external ones for each motion frame. From
the motion strategy perspective, higher non-paretic hip flexion/extension and knee flexion
angles during most parts of the stance phase could explain the higher moments on the
sagittal plane due to the increased lever arm of the GRF, hence the elevated muscle forces,
especially from knee extensors/hip flexors. Liu et al. [39] found that in particular vastii and
rectus femoris muscles contributed the most to the medial joint forces of knee OA patients
during walking.

The finding of increased loading in the non-paretic limb aligns with studies of other
populations with unilateral impairments. For instance, in lower-limb amputees, the intact
limb consistently shows higher loading than the prosthetic limb [40], with studies reporting
twice the prevalence of knee pain and osteoarthritis in the intact knee compared to the
general population [9]. Similarly, individuals with unilateral hip osteoarthritis demonstrate
increased loading in their contralateral knee [7], suggesting this may be a common com-
pensatory mechanism in unilateral lower extremity pathologies. On the contrary, Marrocco
et al. [23] argued that stroke patients load their knees evenly, since they found no significant
differences in knee abductor moment between paretic and non-paretic limbs in chronic
stroke survivors. However, some participants showed increased loading on the paretic
side, others on the non-paretic side, and some exhibited bilateral increases, when compared
to healthy individuals. This discrepancy between joint moments and internal joint forces
showed that individual stroke survivors may adopt different loading strategies between
legs, something that was evident in our study. Our findings provide direct evidence
of joint loading patterns that could not be fully captured by external moment analysis
alone, highlighting the value of musculoskeletal modeling in understanding post-stroke
gait adaptations.
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Figure 3. Lower limb kinematics and kinetics during stance phase for paretic (solid blue line) and
non-paretic (dashed red line) limbs. The top panels show joint angles for hip (flexion–extension,
abduction–adduction, and internal–external rotation), knee (flexion–extension), and ankle (dorsi–
plantarflexion). The bottom panels show corresponding joint moments. Angles are in degrees
and moments are normalized to body mass (Nm/kg). Shaded areas (red and black) represent 95%
confidence intervals. Gray-shaded regions indicate periods of significant differences between limbs
(p < 0.05) as determined by statistical parametric mapping. Black bars along the x-axis highlight the
temporal regions of significant differences Horizontal dotted lines indicate zero levels and vertical
dotted lines denote stance phase events: initial contact, loading response, mid-stance, terminal stance,
and pre-swing.
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Our regression analysis reveals important distinctions in how joint moments relate to
knee contact forces between paretic and non-paretic limbs. Before discussing the results, we
have to underline the differential effect of the knee moments on knee loading at frontal and
fore–aft planes of motion. Knee abductor moment primarily loads the medial compartment
through direct mechanical effect, by pulling the femur and tibia closer from the medial
side, although passive elements, like the lateral collateral ligament, and muscles, like the
tensor fasciae latae (through the iliotibial band), can also abduct the tibia. On the contrary,
knee extensor moment indirectly affects overall knee loading, via the muscle force output
used to counteract it. In the non-paretic limb, the first peak medial contact force showed a
strong relationship with knee extensor moment (R2 = 0.573), enhanced by the addition of
knee abductor moment (final R2 = 0.671). This finding differs from previous studies in knee
osteoarthritis patients, where the knee abductor moment typically shows the strongest
correlation with medial compartment loading [11]. The increased step width seen in
stroke patients [41,42] to augment the base of support during walking could place the GRF
vector closer to the knee joint center in the frontal plane, thus decreasing knee abductor
moment and possibly its role to the medial knee joint force, as seen in OA patients walking
during increased step width [11]. Interestingly, the paretic limb demonstrated an opposite
pattern, with knee abductor moment being the primary predictor of first peak medial
contact force (R2 = 0.559). The latter more closely resembles the relationships reported
in the osteoarthritis literature [10], suggesting that less flexed paretic knee allowed the
corresponding moment to have a direct effect on medial loading. The weaker correlations
observed for second peak forces in both limbs (R2 = 0.167 paretic, R2 = 0.109 non-paretic)
align with previous research showing poor predictive value of joint moments for late stance
loading [11], suggesting that muscle forces in multiple planes of motion relate to late stance
knee loading.

The distinct moment–force relationships between limbs have important clinical impli-
cations. Traditional gait analysis focusing solely on inverse dynamics-based joint moments
may not adequately capture the actual joint loading conditions in stroke survivors, par-
ticularly in the non-paretic limb where knee extensor moment plays a more prominent
role than is typically assumed. Furthermore, the increased loading in the non-paretic limb,
combined with altered movement patterns, may explain the higher risk of developing knee
osteoarthritis in the non-paretic limb reported in longitudinal studies [28]. These find-
ings suggest that rehabilitation strategies should consider not only restoring paretic limb
function but also addressing the potentially harmful compensatory mechanisms in the non-
paretic limb. Future interventions might benefit from incorporating targeted approaches to
optimize load distribution between limbs while maintaining functional mobility.

Several limitations should be considered when interpreting our findings. First, the
musculoskeletal model used in this study, while modified appropriately for knee contact
force estimation, has not been directly validated against instrumented knee implant data
in stroke patients. The model’s accuracy in predicting knee contact forces depends on
numerous assumptions regarding subject-specific knee geometry, muscle parameters, joint
kinematics, and load distribution mechanisms, such as the absence of tendons or liga-
ments, which may differ in post-stroke gait compared to healthy or osteoarthritic individu-
als. Second, muscle activation patterns, which significantly influence joint contact forces,
were estimated through static optimization, which minimizes muscle activations without
accounting for the altered neuromuscular control and potential muscle co-contractions
commonly observed in stroke survivors. Third, our model used generic rather than subject-
specific parameters for muscle properties and joint alignments, which may impact force
predictions, particularly in a population with potential muscle adaptations following stroke.
Additionally, we did not explicitly quantify the potential impact of measurement noise
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from motion capture and force plate data on our joint loading estimates, though our use of
appropriate filtering techniques (6 Hz low-pass filter) and established OpenSim process-
ing pipelines should minimize noise-related errors in the final musculoskeletal modeling
outcomes. Finally, the medial–lateral force distribution relies on simplified tibiofemoral
geometry that cannot fully capture individual anatomical variations or potential joint defor-
mities. Nevertheless, knee joint forces reported in this study align well with data from other
modelling studies [43,44] and in vivo data from instrumented prostheses [45,46], indirectly
validating our findings. These limitations highlight the need for future validation studies
using instrumented implants or alternative measurement techniques in stroke populations
to improve the accuracy of knee loading estimates.

In conclusion, this study provides strong evidence that musculoskeletal modeling
offers superior insights into post-stroke joint mechanics compared to traditional biomechan-
ical analysis approaches. The identified asymmetries in knee joint loading have important
implications across several domains, as follows:

• Clinical understanding: The findings reveal biomechanical mechanisms underlying
increased osteoarthritis risk in the non-paretic limb, moving beyond epidemiological
observations to provide mechanistic insights into harmful joint loading patterns.

• Methodological advancement: The study establishes musculoskeletal modeling as
a valuable clinical tool providing insights unavailable through traditional external
moment analysis alone.

• Clinical applications: Results demonstrate that interventions should target both limbs
simultaneously rather than focusing exclusively on paretic limb restoration, as compen-
satory loading patterns may lead to long-term consequences. These findings provide
a foundation for developing interventions that address both functional recovery and
long-term joint health preservation, potentially reducing secondary musculoskeletal
complications in stroke survivors.
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Appendix A

 

Figure A1. Regression analysis of knee joint contact forces and knee joint moments in post-stroke
gait. Scatter plots showing the relationships between knee contact forces (y-axis, in body weight
units) and joint moments (x-axis, in Nm/kg) for both paretic and non-paretic limbs. Blue points and
lines represent knee extensor moments, while red points and lines represent knee abductor moments.
Top panels show medial compartment forces, with first peak (early stance) and second peak (late
stance) represented in rows 1 and 2, respectively. Bottom panels show lateral compartment forces,
with first and second peaks in rows 3 and 4, respectively. Shaded areas represent confidence intervals
of the regression estimates.
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Abstract: Background: Gravity profoundly influences human locomotion. Studies ex-
amining the effects of hyper-gravity on gait have largely relied on added external mass,
potentially confounding results with changes in inertia and center of mass. This study
attempted to isolate the effects of increased gravitational load on kinematics and elec-
tromyography during walking at several different levels of load. Methods: Fifteen healthy
adults were exposed to simulated gravitational loads ranging from 100% to 130% of body
weight using a novel harness and spring-based system that increased weight without the
addition of external mass and without altering limb inertia. Participants walked on a
treadmill at a self-selected speed through incremental loading and unloading. Lower limb
kinematics and electromyography data were recorded. Traditional measures of gait, as well
as more dynamical measures, including angle–angle analysis and phase portraits, were
examined. Results: Data demonstrated that a 130% load is sufficient to induce kinematic
changes at the hip and knee; however, these changes become significant only during the
transition from 130% to lower load levels. Ankle kinematics and electromyography ap-
peared to be unaffected. Conclusions: These findings suggest that the presence of external
mass and alterations in limb inertias should be considered seriously as independent vari-
ables in future loading studies, and that weight and mass may need to be considered as
separate effectors during locomotion. This study also found that the act of loading and
unloading elicit distinct responses in the joints of the lower extremities, as well as that it
may induce an adaptative after-effect.

Keywords: gait; gravity; loading; hysteresis; kinematics; EMG; treadmill

1. Introduction

Gravity is a ubiquitous natural phenomenon that pervades every aspect of human
experience on Earth. While the acceleration caused by gravity (g) varies from 9.763 to
9.833 m per second squared (m/s2) depending on your terrestrial location, “standard
g” is often modeled—and assumed—at 9.81 m/s2 [1]. Though humans experience this
acceleration as their own weight—the force borne of their own mass accelerating—the
influence of our gravitational environment extends far beyond perception and weightiness.
Gravity guides the formation of human bone structure and density [2], influences the
discharge rates and amplitudes of cortical and spinal neurons [3], and can alter cellular
morphology and metabolism [4]. However, there is arguably no system, structure or
behavior affected so demonstrably by gravity as that of human locomotion.
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Locomotion studies utilizing environments with increased gravitational effects (hyper-
gravity) are extremely limited. Previous work investigating the effects of increased weight
on human locomotion have found changes in trunk angles, hip, and ankle range of motion
and cadence [5], as well as equilibrium points, stability, efficiency, gait speed, and walk-to-
run transitions [6–8]. However, the studies contained by these reviews utilized the addition
of mass to participant’s bodies in order to increase weight. While the goal of these studies
was to examine the effects of externally carried loads, it highlights an important confound as
these—and similar studies—relate to the effects of hyper-gravity. The addition of external
mass changes an individual’s center of mass location [9], induces a stabilizing forward
lean [10,11], and adds impactful, unevenly distributed inertial differences to a body [12,13].
These factors, while related to mass and weight, may be unrelated or tangential to purely
gravitational constraints. Therefore, the extent to which these changes are driven by
increased weight versus increased inertia on the limbs and trunk remains unknown.

Similarly, it is unclear if the kinematic and electromyographic changes seen during
loading are due entirely to the relative load on an individual, or if the previous level of
load may work as a factor in these responses. In humans, hysteresis—the dependence
of a system on its previous states—has been a dynamic factor exhibited at the cellular
level [14–17], scaling all the way up to cortical networks [18,19], proprioception [20,21] and
gait [22–26].

It is possible that the same level of load could elicit different kinematic and EMG
changes, depending on whether an individual increased or decreased their relative weight
to reach it. However, very few studies have sought to examine hysteresis in human gait
through manipulation of the gravitational load. Without a clear understanding as to the
specific and exact role of loading and unloading, as well as specific increases in load and
mass in these adaptations, it is difficult, if not impossible, to optimize load carriage for
real world conditions and outcomes. In this study, we sought to investigate the effects of
increased gravitational loading on kinematic and electromyographic variables without the
addition of external mass. Specifically, we were interested in examining the kinematics and
neuromuscular activity of individuals in simulated gravitational environments ranging
from 100%, up to 130% of gravitational load. In this study, these questions were approached
through the use of zero-dimensional (traditional kinematic and electromyographic mea-
sures) and one-dimensional (angle-angle diagrams and phase portraits) analyses. Previous
use of these methods in this lab has found that they provide complementary information
not otherwise apparent given the use of a single set of measures [27,28].

2. Methods

2.1. Participants

This study examined 15 healthy adults (25.3 ± 4.7 years; 67.1 ± 4.0 inches;
172.3 ± 42.0 lbs.; 53% female). Participants were not knowingly pregnant and did not
have a history of, or any current systemic, degenerative or neuromusculoskeletal injuries
or disease that could affect their ability to walk with differential loading for 15 min. This
study was conducted in accordance with the Declaration of Helsinki and approved by
the Institutional Review Board at the University of Houston (IRB#:00002971). Informed
consent was obtained from all participants prior to enrollment in the study.

2.2. Kinematic Sensors

Participants were fitted with seven inertial measurement units (IMUs; XSens Awinda—
Movella Inc., Henderson, NV, USA) arranged in a lower-body configuration. These sensors
were placed bilaterally over the insteps of both feet, as well as anteriorly over the tibia at
mid-shank and laterally over the mid-thigh. The final sensor was placed over the sacrum,

28



Biomechanics 2025, 5, 31

centered at the S2 tubercle. All XSens sensors were secured by proprietary neoprene straps
with non-slip, rubber backings.

2.3. Electromyographic Sensors

Four dry surface electromyographic (EMG) sensors (Model SX230—Biometrics Ltd.,
Newport, RI, USA) were adhered—using hypo-allergenic, double-sided tape—over the
right rectus femoris, biceps femoris, medial gastrocnemius and tibialis anterior. These sen-
sors were placed over the belly of each respective muscle—conduction surfaces in line with
the muscle fibers—after any body hair in that location was shaved, and the area was cleaned
and scrubbed with an alcohol wipe. Sensor placements were performed in accordance
with recommendations by the Surface Electromyography for the Non-Invasive Assessment
of Muscles (SENIAM) group. The control system (DataLOG MWX8—Biometrics Ltd.,
Newport, RI, USA) was mounted on each participant’s low back using a stretchable, Velcro
band around their waist.

2.4. Loading System and Walking Protocol

Participants were asked to wear a climbing harness with front and back D-ring at-
tachments over their clothing. This harness allowed the participants to be attached to the
loading system at two points of equal height, thereby creating an equivalent angle in the
front and back ropes that would tether them to the system. This had the intended effect
of canceling out any anterior or posterior forces from the system, leaving only a vertical
component of load. Similarly, the loading system was connected to the harness by two
springs, which allowed individuals in a small degree of normal displacement that would
not be available if they were only connected to a taut rope. The entire harness, after being
connected to the rope system, added 4 lbs. of weight distributed over the shoulders of the
participant (see Figure 1). The entire loading system was built around a treadmill with
embedded force plates (Bertec Corporation, Columbus, OH, USA); as such, after donning
the harness and being connected to the loading system, an individual’s weight could be
calculated and loading parameters for 100%, 110%, 120%, and 130% of normal body weight
were established.

Figure 1. Loading system. In this figure, the participant (light blue humanoid) walks over an
instrumented treadmill (green). They are connected to the rope system (black) by two springs (silver)
that attach to a harness (not pictured). The ropes distribute vertical tension by way of 8 pulleys
(orange) arranged around a metal frame (red). The tension in the rope system can be modulated
by way of a crank pulley (dark blue) and vertical load is calculated by kinetic sensors embedded in
the treadmill.

29



Biomechanics 2025, 5, 31

Participants were asked to walk at 100% of their normal load for 5 min at a self-
selected, comfortable speed (mean speed: 0.78 ± 0.11 m/s). This gave each participant time
to become familiar with the loading system, as well as for their gait to stabilize. Following
the acclimation period, participants were loaded in 10% increments up to 130% of their
body weight, spending 1 full minute at each level. After completing the full minute at 130%
of body weight, the protocol was reversed, with participants walking for one minute at
120%, 110%, and 100% of normal load. For all levels of loading and unloading, the treadmill
speed remained at the same speed each participant had selected earlier. There was no rest
given in between each level besides the time it took to adjust the system to the desired load
(≈10 s). Kinematic and EMG data were recorded for the final minute of the acclimatization
period, as well as the full minute of walking at all levels of loading and unloading.

2.5. Data Processing

Kinematic data were streamed wirelessly from the XSens IMUs at 60 Hz to a computer
running a data collection software suite (MVN Awinda ver. 2022.1). This software collected
and internally calculated joint angles for the hip, knee, and ankle, bilaterally. Joint angle
waveforms were separated into strides and normalized to 100 points using the peak knee
as a reference. Mean, maximum, and minimum angles, as well as range of motion (ROM)
were extracted for all joints. Data were exported, separated into strides using peak knee as
the reference point, and statistically analyzed in MATLAB (R2019b: 9.7.0.1296695) using
custom scripting.

Four channels of EMG data were simultaneously recorded by the waist-mounted
control unit, as well as streamed to a computer running a data collection software suite
(DataLOG ver: 10.27—Biometrics Ltd., Newport, RI, USA). The 12 g DataLOG control
unit was set to sample at 1000 Hz, and provided 1000× amplification gain as well as an
automatic anti-aliasing filter prior to streaming. Data collected were exported into MATLAB
for processing. Each channel was individually bandpass filtered (20 to 450 Hz) using a 2nd
order Butterworth filter. Waveforms were then full wave rectified and enveloped using a
low pass filter with an additional 2nd order Butterworth filter utilizing a cutoff frequency
of 40 Hz [29]. EMG data were separated into strides and normalized to 100 points using
the kinematic peak knee timestamps as a reference. After processing, peak values, root-
mean-square (RMS) and integrated areas were calculated for all muscles. We calculated
RMS as the square root of the mean of all values squared for each trial. This provides a
metric representing the amplitude of the EMG signal [30]. We also calculated integrated
areas for each trial to appraise the total electrical signal or drive from the central nervous
system to the motorneuron [31–34].

This study made use of both zero- and one-dimensional analyses, representing tradi-
tional kinematic and electromyographic measures as well as phase portraits and angle-angle
diagrams. These were created to examine the state spaces of and coordination between
the joints of the lower extremity, respectively. Areas were calculated from mean phase
portraits using a custom MATLAB script in order to quantify and compare the range of
available behaviors.

2.6. Statistical Analysis

Kinematic and electromyographic variables were tested for normality and spheric-
ity using the Kolmogorov–Smirnov and Shapiro–Wilk tests, as well as Mauchly’s test,
respectively. Mean, maximum, minimum angles, and range of motion for each joint, as
well as peak value, RMS, and integrated areas were compared across all levels of loading
using repeated measure ANOVAs. Post hoc testing was performed with paired t-tests,
as appropriate.
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3. Results

Kolmogorov–Smirnov and Shapiro–Wilk tests revealed all data were normally dis-
tributed and Mauchly’s test showed sphericity was preserved.

3.1. Kinematics

Hip, knee, and ankle average joint angle waveforms by loading level are pre-
sented in Figure 2. Results from repeated measures ANOVA showed loading level
had a statistically significant effect on hip mean (F(6,84) = 2.447, p = 0.0314) and max
(F(6,84) = 3.073, p = 0.0091) values, as well as knee mean (F(6,84) = 3.172, p = 0.0074), and
min (F(6,84) = 4.647, p = 0.0004) values. Pairwise comparisons for the hip and knee are
depicted in Table 1. No differences in the ankle variables or any ROM values were found to
be significant.

Figure 2. Hip, knee, and ankle joint angles by loading level. Each plot contains the kinematic
waveforms for its respective loading (in red) and unloading (in blue) condition, along with a 2-
standard deviation shaded area around each waveform. All 130% load conditions are in black to
avoid any confusion, as only a single waveform is present.
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Table 1. Hip and knee joint angles—pairwise comparisons.

Condition μ◦ ± std p Value

Hip

Mean

100 4.6 ± 7.6 0.1241
110 5.2 ± 5.9 0.4919
120 4.8 ± 8.6 0.0647
130 6.4 ± 8.5

120 U 2.6 ± 8.3 0.0138 *
110 U 4.5 ± 7.0 0.0642
100 U 5.3 ± 6.5 0.3423

Max

100 19.3 ± 10.9 0.0463 *
110 20.5 ± 10.2 0.4931
120 20.3 ± 12.1 0.1595
130 22.0 ± 13.5

120 U 16.7 ± 12.9 0.0311 *
110 U 19.2 ± 11.0 0.0488 *
100 U 21.2 ± 9.8 0.6390

Knee

Mean

100 15.1 ± 5.1 0.0001 *
110 16.2 ± 4.9 0.0068 *
120 16.4 ± 4.6 0.0113 *
130 17.8 ± 4.9

120 U 16.1 ± 3.8 0.1316
110 U 15.4 ± 5.1 0.0082 *
100 U 16.7 ± 4.7 0.1020

Min

100 −3.1 ± 5.3 0.0012 *
110 −1.7 ± 4.2 0.0055 *
120 −1.1 ± 3.7 0.0027 *
130 1.0 ± 3.9

120 U −2.2 ± 6.3 0.0554
110 U −2.6 ± 5.6 0.0081 *
100 U −0.6 ± 4.8 0.0782

* denotes significance (p < 0.05). All pair-wise comparisons depicted represent the specified measure at that level
of load versus 130% load. “U” denotes the specified level of load as it was unloaded to.

3.2. Electromyography

There were no significant differences in levels of load for peak muscle activity, root-
mean-square, or integrated areas for any muscle. Mean and standard deviation EMG
values by muscle, variable, and condition can be found in the Supplementary Materials.

4. Discussion

This study examined the effects of simulated gravitational loading (in this case, in-
creased weight without the addition of extra, external mass) between 100% and 130% of
body weight on kinematics and electromyographic variables during walking. We were
interested in investigating if 130% of body weight was a sufficient load to induce kine-
matic and EMG changes, as well as examining the individual effects of increased weight
without the addition of external mass. Our data revealed that 130% load is sufficient to
elicit kinematic changes; however, these changes only appear significant when unloading
from 130% to lesser loads. This suggests that walking at 130% and then unloading leads
to gait alterations, while simply loading up to 130% does not. It is thus potentially the
act of loading or unloading that can elicit changes at these levels, in addition to the actual
borne weight.

Preceding studies have demonstrated that human proprioception diminishes in hy-
pogravitational environments [35–37]. Indeed, anticipatory postural adjustments disappear
below normal gravitational conditions [38] and kinesthetic responses to vibration dimin-
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ish [39], with these changes being displayed not only kinematically, but also in the human
cortical waveforms [40,41]. These studies indicate that alterations in human proprioception
due to hypogravity are far reaching, and prevalent. This study found that increased loading
at 130% of body weight was sufficient to elicit kinematic changes, but these changes were
only clear as participants were unloaded to 120% of their body weight. To be clear, all
levels of load from 100% increasing to 130% were not statistically distinct, yet 130% was
significantly different from 120% in the knee and hip as participants were unloaded. This
suggests that the level of load may not be the only operative factor in our findings; rather,
the acts of loading or unloading may elicit distinct kinematic responses. Studies examining
the drivers of hysteresis found that hysteretic effects were highest in the situations in which
sensory information was the weakest [42] and that perceptual judgements are affected by
the lack of or availability of information about an impending action [22].

In the case of this study, movement from a higher level of load (130%) to a lower level
of load (120%) would reduce the relative amount of available sensory information. This,
in turn, would invoke hysteretic changes in which participants based their expectation of
movement in the new environment less on actual environmental cues, and instead more on
internal models and expectation.

This concept is supported by Kostyukov and Cherkassky [43], which found mus-
cle spindle discharge rates were higher after stimulation rate increases, and lower after
decreases. It is also possible that some of these effects are modified by plantar pressure.
Work by Kozlovskaya et al. [44] found that the removal of plantar support led to reflexive
decreases in muscle activity and the eventual atony of extensor musculature with concur-
rent reductions in proprioception [45,46]. Exposure over longer time frames has led to
decreased muscle strength-speed properties and motor control alterations [47,48]. Further,
some of these alterations were entirely mitigated with plantar pressure stimulation [49]. As
load increases, the relative increase in environmental-based proprioceptive information
will drive gait behaviors more strongly; on the contrary, as the relative availability of
proprioceptive information decreases, the reduction of sensory information will facilitate
the use of information from previous levels of loading. This suggests that the effects of
unloading, and loading are kinematically distinct, and should likely not be considered
equivalent factors, even if used to reach the same level of load.

Phase portraits graphically represent all of the potential states of a dynamic system [50].
In this case, phase portraits depict all of the potential positions (i.e., angles) of a joint, as
well as their velocities at that moment. A direct comparison of the portraits for 100%
and 130% load (see Figure 3) shows that the movement structure of the joints is mostly
preserved, with some stretching and translation as load increases. In combination with the
angle-angle diagrams (see Figure 4), we can also see that the coordination between the joints
is relatively similar, but also expanded and translated. This suggests that walking-type gait
is relatively robust from 100% to 130% of body weight. Interestingly, this mirrors previous
investigations of unloading down from full body weight and strengthens the idea that
gait is a behavior centered around and suited to our particular gravitational environment.
While this study did not present enough load to examine if an entirely new locomotive
behavior would emerge at very high percentages of body weight (analogous and opposite
to the sub-volitional shift into bounding-type gait found on the moon, for example), the
durability of walking-type locomotion appears to be strong up to a 130% load.
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Figure 3. Phase portrait comparisons of 100% and 130% load. This graph displays phase portraits
for the hip, knee, and ankle. Though there is some expansion of the range of available behaviors for
the hip and knee—suggesting they are most sensitive to loading—the ankle appears to be mostly
unaffected by the increase in load.

We also calculated the areas encircled by our phase portraits for every level of load by
joint (see Figure 5). These areas are the two-dimensional spaces created by the outermost
set of lines on each graph. These values provide a quantification of the state space of each
joint at each level of load; in that way, they can be considered a means to numerically
compare the contraction or expansion of the state space between different conditions. In
this study, examination of the phase portrait areas of the knee reveals steady contraction
of the state space as we increased to 130% of load, before a more than 10% expansion at
120% unloading. Interestingly, this expansion then contracts as we continue to unload,
eventually settling at a smaller area than even the original (100%) load condition. The hip
areas, on the contrary, consistently expand as we increase to a 120% load—drop slightly
at 130%—before contracting significantly as we unload back to a 120% load. Analogously
to the knee, the area of the hip phase portrait then continues increasing as load decreases,
eventually ending at a larger area than even the original (100%) load condition. This
suggests a crucially interesting relationship between the hip and the knee: as the range of
available configurations of the hip expands, the knee, inversely, contracts. Similarly, as the
hip contracts, the knee expands, and vice versa.

A consideration of the total areas across all three joints (see Table 2) finds a similar
trend to the above. As loading increases to 130%, the overall summed areas of the three
joints contract slightly before an almost 10% increase with unloading from 130% to 120%.
This area remains relatively stable with unloading to 110% and then drops 4% with a
return to 100% load. This, and the previous trending (in the hip and knee) highlight two
primary ideas. First, this supports the previous assertion that loading and unloading do not
appear to be equivalent phenomena. Second, while it is possible that there is an inflection
point at 110% with unloading, it is also possible—given the similarity of 120% and 110%
when unloading—that this is extinction of a loading induced after-effect. This has major
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implications for populations in which load-carriage is common in that effective increases
or decreases in weight can alter kinematics and movement structure, possibly even for
time beyond the actual adding or subtracting of weight. Correspondingly, whether the
individual was loaded or unloaded to a certain weight appears to induce specific changes
that are not equal across similar loading levels.

Figure 4. Angle-angle diagram comparisons of 100% and 130% load. This graph shows that the
coordination strategies between the joints of the lower extremities are mostly preserved as load was
increased. It is important to note, however, that there was distinct stretching and skewing of the shapes
for all three graphs. This suggests that, although the general coordinative structure of movement
between these joints was similar, they were not unaffected by load. Indeed, even 130% of body weight
was enough to shift some aspects of the coordinative structure of the hip, knee, and ankle.

Interestingly, the kinematic changes seen in this study were not reflected in EMG data,
in which no changes were found across any levels of load. This suggests that muscle activity
and kinematic variables can decouple and respond to changes in load differentially. While
previous investigations have found that kinematics can be accurately predicted from EMG
data alone [51], others have found that kinematic and EMG variables correlate differentially
depending on the activity being performed [52]. The results of this study suggest that
loading and unloading are activities in which these variables do not track well with each
other. It is important to note that this is also potentially due the absence of external mass.
In this study, changes in limb inertia and center of gravity were bypassed through the
use of our novel loading system. In this way, and in relation to load added over body
weight, kinematic variables appear more sensitive than EMG to loading and unloading,
and perhaps—given the results of other studies with positive EMG findings—EMG is more
sensitive to changes stemming from changes in external mass/inertia. Alternatively, as
we only recorded EMG data from four muscles, it is possible that other muscles exhibited
changes in response to the loading protocol but were not captured.
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Figure 5. Phase portraits with calculated areas. The top row represents the hip phase portraits, the
middle row is the knee phase portraits, and the bottom row is the ankle phase portraits. The area
value represents the two-dimensional area—in pixels—occupied by each shape. These values can be
considered a quantitative estimation of the range of available behaviors across each loading condition.

Table 2. Summed areas of phase portraits and percentage change.

Condition % Load
Summed Areas of Hip, Knee

and Ankle Phase Portraits
% Change from Previous

Level of Loading

Loading

100% 157.561
110% 154.564 −2%
120% 152.753 −1.1%
130% 147.700 −3.3%

Unloading
120% 161.429 +9.2%
110% 162.578 +0.7%
100% 155.610 −4.2%

The results of this study have important implications for our understanding of the
role that gravity plays in human locomotion. This study found that an increase in load
can specifically affect both the knee and hip joints, as well as supporting the concept that
loading and unloading are independent activities with specific responses. Even the same
level of load, reached from higher or lower levels of weight, can elicit different responses.
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In that way, increases in load appear to drive fewer hysteric changes than decreases (due to
the relative availability of proprioceptive sensory information); as such, researchers should
take care to ensure that their participants are responding to the correct level of load and
should increase their load to the desired level, rather than unweight them.

There are also implications for using this system in long-duration spaceflight, where
gravity may not be available to facilitate loading and gait. Indeed, the use of this system in
a spacecraft could allow astronauts to maintain healthy levels of load for bone health and
venous pumping, despite the absence of gravity, though research would clearly be needed
to investigate this.

This study is not without limitations. There is a potential for this system to have
influenced gait in some way, though no participant stated they felt the system interfered
with their gait, arm swing, or ability to walk on the treadmill at any time. Similarly,
participants were queried at all levels of load, and none expressed discomfort or fatigue
with the system or any level of load. This study also did not compare its findings to more
traditional loading studies examining the effects of external load on gait. As such, it is
currently unclear how the effects seen in this study might compare with a heavy backpack
or weight vest, for instance. However, while such a comparison was outside the scope of
this study, future work should undoubtedly examine this. As the levels of load were not
randomized, it is also possible that data could have been influenced by an order effect. This
is a constraint of the system itself (individuals need to pass through any lower level of load
in order to reach a specific level) which other potential users should be aware of.

This study was a novel investigation of an easily reproducible loading system that
can increase the load of an individual, without the addition of external mass. Increased
gravitational loading up to 130% of normal body weight can alter hip and knee kinematics
but does not appear to affect the ankle joint nor does it appear to elicit changes in elec-
tromyographic variables. These findings suggest that the presence of external mass and
alterations in limb inertias should be considered seriously as independent variables in
future loading studies, and that weight and mass may need to be considered as separate
effectors during locomotion. This study also found that the act of loading and unloading
elicit distinct responses in the joints of the lower extremities, as well as that it may induce
an adaptative after-effect.
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Abstract: (1) Background: Plantar heel pain (PHP), a common overuse foot injury, sig-
nificantly impacts runners. While the mechanical role of the plantar fascia during gait
is established, its effect on foot function during running, particularly foot joint coupling,
remains unclear. This study investigated foot joint coupling during running in runners
with and without PHP using statistical parametric mapping (SPM). (2) Methods: Thirteen
uninjured runners (seven m, six f; age = 30.5 ± 5.9 years; BMI = 23.5 ± 3.0 kg/m2) and
thirteen runners with PHP (six m, seven f; age = 29.0 ± 8.0 years; BMI = 23.1 ± 2.0 kg/m2)
performed running trials at 4.0 m/s. A seven-segment foot model that defined six func-
tional articulations (rearfoot, medial and lateral midfoot, medial and lateral forefoot, first
metatarsophalangeal) was used to quantify foot kinematics, vector coding was used to
calculate joint coupling between adjacent foot segments, and SPM was used to analyze joint
stance phase coupling angles. (3) Results: There were statistically significant differences
in rearfoot frontal plane–medial midfoot frontal plane joint coupling between runners
with and without PHP from 69 to 70% stance phase (mean difference = 39.41◦) and at 76%
stance (mean difference = 47.89◦). The differences were indicative of greater medial midfoot
eversion rotation relative to rearfoot complex inversion in the PHP group. (4) Conclusions:
The difference in the rearfoot complex and medial midfoot frontal plane coupling occurred
during the propulsion phase of the running stance when the foot should be transitioning
to a more supinated position, which may reflect compromised supination due to plantar
fascia degeneration.

Keywords: plantar fasciitis; foot joint coordination; multi-segment foot; overuse injury

1. Introduction

Plantar heel pain involving the plantar fascia (plantar fasciitis, plantar fasciosis) is
one of the most common overuse foot injuries in the general population, affecting both
active and sedentary individuals [1]. With respect to the prevalence in active individuals, a
prospective study of lower extremity injuries in runners found that plantar heel pain was
the most common injury, affecting 31.3% of runners over the five-year study period [2].
Further, a systematic review of running-related musculoskeletal injuries reported plantar
heel pain as the third most common injury after medial tibial stress syndrome and Achilles
tendinopathy [3]. In addition to the high prevalence, plantar heel pain is also associated
with significant economic and personal burden. In the United States, 65% of patients
with plantar heel pain seek medical attention multiple times [4], and the average annual
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treatment cost associated with plantar heel pain is USD 284 million [5]. Moreover, studies
have shown that plantar heel pain is associated with diminished foot-specific health and
overall health-related quality of life [6]. To reduce the negative impacts associated with
plantar heel pain, it is crucial to identify and address the pathoetiological factors associated
with the injury.

In general, it is accepted that the mechanical overload of the plantar fascia during gait
and/or long periods of weightbearing leads to microtrauma and subsequent degeneration [7].
During gait, the plantar fascia contributes as a passive stabilizer to control foot pronation in the
early stance and to facilitate foot supination in the mid-late stance [8–14]. Prior to initial contact,
the plantar fascia is preloaded to facilitate control of the foot pronation that occurs following
initial contact [12]. During the early stance phase, tension in the plantar fascia effectively
secures the cuboid within the confines of the calcaneus, thereby establishing stability within the
midtarsal complex of the foot (calcaneocuboid locking mechanism) [8,11]. As the foot enters
into midstance and the orientation of the midtarsal shafts shifts from a horizontal to vertical
alignment, the plantar fascia assumes a tie-rod role, effectively distributing compressive loads
across the tarsal and metatarsal bones and enhancing stability within the central midfoot
structures (truss mechanism) [8]. Finally, during the terminal phase of the gait, tension in the
plantar fascia activates the windlass mechanism, which facilitates foot supination [8,13]. While
the function of the plantar fascia during gait is well established, the effect of plantar heel pain
on foot function during running gait is currently poorly understood. The current clinical belief
is that the repetitive straining of the plantar fascia during running causes progressive chronic
degeneration that is eventually experienced as heel pain [15]. In addition to producing pain,
degeneration [7,16] is also likely to cause changes to the mechanical properties of the plantar
fascia and compromised function during running gait. The compromised function during gait
may contribute to the development and/or persistence of the plantar heel pain. To date, only
two studies have investigated the effect of plantar heel pain on foot function during running
gait [17,18]. Pazhooman et al. [17] reported differences in the stance phase range of motion in
runners with plantar heel pain, consistent with a decreased ability to control foot pronation
in the early–mid stance and contribute to foot supination in the mid-late stance. Wiegand
et al. [18] reported significant differences between runners with plantar heel pain and runners
that had recovered from plantar heel pain, but not between runners with plantar heel pain
and uninjured runners.

In addition to changes in the kinematics at individual joints, the coupling between
adjacent joints has also been theorized to be important to normal lower extremity function
during gait. Changes in the normal/typical coupling between adjacent joints are believed
to cause the abnormal loading of the bones and soft tissues in and around the affected
joints, which may lead to initial injury and/or injury persistence [19]. Thus, abnormal
joint coupling between adjacent joints of the foot may be a cause of repetitive strain,
leading to plantar heel pain and/or may contribute to the persistence of plantar heel
pain. The only study conducted to date found that individuals with plantar heel pain
demonstrated significantly fewer frontal plane anti-phase movements between the rearfoot
and medial forefoot during walking gait than uninjured participants [20]. While this
study has further improved the understanding of the effect of plantar heel pain on foot
function during walking gait, the results may not be generalizable to running gait [21].
Furthermore, this study investigated discrete variables at predetermined instances/periods
during gait. While discrete analyses are important, they may not capture other relevant
changes throughout the stance phase. Statistical parametric mapping (SPM) is an approach
that enables the examination of joint kinematics across an entire time series [22].

To date, the effect of plantar heel pain on foot joint coupling during running gait has not
been investigated using curve analysis techniques. Therefore, the purpose of this study was
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to employ SPM methodology to investigate foot joint coupling during running gait in runners
with and without plantar heel pain. We hypothesized that the degenerative changes in the
plantar fascia that occur with plantar heel pain would change the foot joint coupling angles of
individuals with plantar heel pain during the stance phase of running gait.

2. Materials and Methods

A total of 13 uninjured runners (7 m, 6 f) (uninjured) and 13 runners with plantar heel
pain associated with the pathology of plantar fascia (PHP) (6 m, 7 f) participated in the
study. All runners were between the ages of 18 and 45 years old, and all were informed of
the study procedures and provided written consent approved by the Institutional Review
Board. The PHP runners had common clinical symptoms of plantar heel pain associated
with pathology of the plantar fascia for a minimum of six weeks, were consistently running
at least 10 miles per week at the time of this study [23], and had a body mass index
(BMI) of <30 kg/m2 [24]. The clinical symptoms indicative of plantar heel pain consisted
of point tenderness localized to the medial calcaneal tubercle, the medial region of the
proximal segment of the plantar fascia, or along the length of the plantar fascia [25]. In
addition, runners must have reported plantar heel pain during the first few steps of weight-
bearing, following prolonged periods of inactivity that gradually diminished throughout
the day with normal walking [26–28]. The presence of plantar heel pain due to pathology
of the plantar fascia was confirmed, and other potential sources of heel pain (e.g., heel
pad syndrome, tibialis posterior tendinopathy) were ruled out during a brief screening
exam performed by an allied health professional. Runners in the uninjured group did not
have an history of plantar heel pain and were age (±5 y), sex, and mileage (10–20, 20–30,
30+ miles per week)-matched with the PHP runners. Exclusion criteria for all participants
were as follows: current lower extremity injury, besides plantar heel pain in the PHP
group; pregnancy; a history of lower extremity surgery on the injured side; inflammatory
or connective tissue disease; diagnosed foot deformity (e.g., hallux valgus); a systemic
neurologic disorder that would predispose an individual to heel pain and/or muscle
weakness; and diabetic neuropathy [29].

To determine if the current investigation would have sufficient power to detect signifi-
cant differences between groups, a power analysis using data from the Wiegand et al. [18]
study that investigated the effect of plantar heel pain on foot function during running
was used. Results of the power analysis (G Power 3.1) indicated that a sample size of
26 participants (13 participants per group) would be sufficient to identify a large effect size
(Cohen d = 0.9), at an alpha level of 0.05, and a power 0.8.

Foot kinematics were quantified using a seven-segment foot model that defines
six foot segments and a shank segment (Figure 1) [30]. The multi-segment foot model is fully
described in our previous studies [17,30]. Following the application of the retroreflective
markers associated with the foot model, a static trial was performed to identify additional
anatomical landmarks relative to the appropriate technical marker cluster. Participants
then completed 10 successful running trials at 4.0 m/s (±10%) along a runway wearing
the same style sandals (Maui and Sons, Pacific Palisades, CA, USA) [31]. The sandals
were selected because they enabled the placement of markers directly on the participant’s
skin and allowed participants to utilize their preferred foot strike pattern during running.
Running gait speed was monitored using an opto-electronic timing device. A successful
trial was defined as a trial within the fixed speed range where initial contact and toe off
occurred on the force plate. Three-dimensional (3D) marker positions were captured at
200 Hz with a 10-camera Eagle system (Motion Analysis Inc, Santa Rosa, CA, USA). The
stance phase initial contact and toe-off events (10 N threshold) were identified by a force
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plate (Advanced Mechanical Technology, Inc., Watertown, MA, USA) sampling at 1000 Hz
mounted near the center of the runway.

  

Figure 1. Anatomical landmarks: Shank [medial malleolus (1), lateral malleolus (2), tibial tuberosity
(3, not pictured)]; calcaneus [sustentaculum tali (4), peroneal tubercle (5), dorsal proximal calcaneus
(6)]; navicular [dorsal proximal (7), plantar proximal (8), plantar distal (9)]; cuboid [dorsal proximal
(10), plantar proximal (11), plantar distal (12)]; medial rays [1st metatarsal head (13), 2nd metatarsal
head (14), 1st metatarsal base (15)]; lateral rays [4th metatarsal head (16), 5th metatarsal head (17),
base of 5th metatarsal (18)]; hallux [base pf proximal phalanx (19), head of distal phalanx (20),
medial aspect (21)]. Functional articulations: rearfoot complex (shank–calcaneus); medial midfoot

(calcaneus–navicular); lateral midfoot (calcaneus–cuboid); medial forefoot (navicular–medial rays);
lateral forefoot (cuboid–lateral rays); first metatarsophalangeal (medial rays–hallux).

Following the static trial and running trials, 3D marker positions were reconstructed
using Cortex software (v. 5.3, Motion Analysis Inc, Santa Rosa, CA, USA). A custom-written
software program (MATLAB v. 7.6.0, The MathWorks Inc., Natick, MA, USA) was then
used to low-pass filter (4th order zero-lag Butterworth filter) the kinematic (12 Hz cutoff)
and force plate (50 Hz cutoff) data and perform rigid body transformation procedures.
Joint angles computed during the static trial were used as offset angles for the gait trials.
For the running trials, the first five trials with no obvious erroneous marker displacement
were selected for the stance phase coupling analysis. Stance phase joint coupling angles
between adjacent functional articulations of interest (Table 1) were calculated using the
vector coding method proposed by Heiderscheit et al. [32] (Equation (1)).

θi=tan−1(
yi+1−yi
xi+1 −xi

) (1)

where θi is the joint coupling angle between 0◦ and 360◦, i is the ith frame of the stance phase,
and x and y are the angular positions of the proximal and distal functional articulation,
respectively. The angle calculated is the orientation to the right horizontal of the resultant
vector between two adjacent data points of the proximal functional articulation (e.g., the
shank for the rearfoot complex) and two adjacent data points of the distal segment (e.g.,
the calcaneus for the rearfoot complex) during the stance phase [32]. The coupling angles
were interpreted as defined by Hamill et al. [33].

Table 1. Joint couples investigated.

RC RC-MMF RC-LMF MMF-MFF LMF-LFF MFF-1MTP

RCFron-RCTran RCSag-MMFSag RCSag-LMFSag MMFFron-MFFSag LMFFron-LFFSag MFFSag-1MTPSag

RCFron-MMFFron RCFron-LMFFron MMFFron-MFFFron LMFFron-LFFFron

RCTran-MMFTran RCTran-LMFTran

RC = rearfoot Complex; MMF = medial midfoot functional articulation; LMF = lateral midfoot functional articu-
lation; MFF = medial forefoot functional articulation; LFF = lateral forefoot functional articulation; 1MTP = first
metatarsophalangeal functional articulation; Fron = frontal plane; Sag = sagittal plane; Trans = transverse plane.

• 0◦ or 180◦ indicates rotation primarily of the proximal joint with the distal joint fixed.
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• 90◦ or 270◦ indicates rotation primarily of the distal joint with the proximal joint fixed.
• 45◦ or 225◦ reflects equal relative rotation of joints in the same direction.
• 135◦ or 315◦ indicates equal relative rotation of the two joints in opposite directions.

Finally, the spm1d package for one-dimensional SPM was used in MATLAB to in-
vestigate the joint coupling time series using circular statistics. To assess the normality
of the data, all the comparisons were completed using the parametric (spm1d.stats.ttest2)
and nonparametric (spm1d.stats.nonparam) scripts. If the parametric and nonparametric
results did not differ qualitatively, the assumption of normality was considered reasonable,
and the results of the parametric t-test were used. The independent variable in each test
was the group (PHP, uninjured). The dependent variables were the joint couples of interest
during stances. Significance for all statistical tests was defined as α = 0.05.

3. Results

Descriptive data are presented in Table 2. A previously published statistical analysis
of the descriptive data for this cohort of participants reported no significant age, BMI, or
running speed group differences [17]. A rearfoot strike pattern was the preferred strike
pattern of all the runners. The strike pattern was observed during the gait trials and was
confirmed following the trials by the presence of rearfoot complex plantar flexion in the
weight acceptance period following initial contact.

Table 2. Participant descriptive data, mean (SD).

Variable Uninjured PHP

Age (years) 30.5 (5.9) 29.0 (8.0)

BMI (kg/m2) 23.5 (3.0) 23.1 (2.0)

Running speed (m/s) 4.1 (0.2) 4.0 (0.3)
PHP: Plantar heel pain.

None of parametric and nonparametric SPM results differed qualitatively, so the para-
metric t-test was selected for all the comparisons. The SPM analyses between runners with
and without plantar heel pain revealed a significant difference in RCFron-MMFFron joint cou-
pling between the PHP and uninjured groups from 69 to 70% (mean difference = 39.41◦,
p = 0.042, 95% CI [36.2◦, 42.6◦]) stance phase and at 76% (mean difference = 47.89◦, p = 0.049,
95% CI [44.7◦, 51.1◦]) of the running gait stance phase (Figure 2). During 69–70% stance, the
mean coupling angles of the PHP and uninjured groups were 291.6 ± 1.94◦ and 331.0 ± 1.9◦,
respectively. At 76% stance, the coupling angles of the PHP and uninjured groups were 264.2◦

and 312.1◦, respectively. The results of the SPM analyses that were not statistically significant
can be found in the Supplementary Materials (Figures S1–S11).

  

Figure 2. Rearfoot complex frontal plane and medial midfoot frontal plane vector coding joint coupling
time series (left figure) and angle–angle time series (right figure). The red line is the mean of the
uninjured runners, the blue line is the mean of the runners with plantar heel pain. The vertical bars
on the left figure identify the subphase events. The dashed boxes on both figures indicate the areas of
significant group differences. The x’s in the right figure identify initial contact of stance phase.
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4. Discussion

The purpose of the current study was to use SPM methodology to investigate foot
joint coupling during the stance phase of running gait in runners with and without plantar
heel pain. Our hypothesis that the foot coupling angles would be different in runners with
plantar heel pain compared to uninjured runners during running was supported for the
rearfoot complex frontal plane and medial midfoot frontal plane coupling angle between
69 and 70% stance phase and at 76% stance. Both differences occurred during the propulsion
subphase (50–100%) of the running stance, when the foot should be transitioning to a more
supinated position.

From 69 to 70% stance, the mean coupling angle of the PHP group was 291.6 ± 1.94◦,
which is between “relative equal rotation of the two joints in opposite directions (315◦)” and
“rotation primarily of the distal joint with the proximal joint fixed (270◦)”, indicating the
rearfoot complex and medial midfoot were rotating in opposite directions with the medial
midfoot rotating more than the rearfoot complex. The angle–angle plot in Figure 2 indicates
the rearfoot complex was in an everted position and inverting, while the medial midfoot was
in an inverted position and everting. During the same period, the mean coupling angle of
the uninjured group was 331.0 ± 1.9◦, which is between “rotation primarily of the proximal
joint with the distal joint fixed (0◦)” and “relative equal rotation of the two joints in opposite
directions (315◦)”, indicating that the rearfoot complex and medial midfoot were rotating in
opposite directions, but with the rearfoot complex rotating more than the medial midfoot.
The angle–angle plot in Figure 2 indicates the rearfoot complex was in an everted position
and inverting, while the medial midfoot was in an everted position and everting.

At 76% stance, the PHP group coupling angle of 264.2◦ is very close to “rotation
primarily of the distal joint with the proximal joint fixed (270◦)”, indicating the medial
midfoot was the primary joint rotating and the rearfoot was relatively fixed. Finally, the
coupling angle of the uninjured groups at 76% stance of 312.1◦ is very close to “equal
relative motion of the two joints in opposite directions (315◦)”, indicating the near equal
relative rotation of the rearfoot and medial midfoot in opposite directions. The difference
in the rearfoot complex and medial midfoot frontal plane coupling occurred during the
propulsion phase of the running stance phase, when the foot should be transitioning
to a more supinated position. The greater midfoot eversion rotation relative to rearfoot
inversion rotation in the PHP group could be an indicator of insufficient supination due to
the degenerative changes in the plantar fascia.

Because this is the first study to utilize SPM to examine foot joint coupling in this
population during running, the results cannot be directly compared to previous plantar
heel pain gait studies. The only previous studies investigating the effect of plantar heel pain
on running gait included a discrete analysis of the stance phase range of motion using the
same cohort of runners as the current study [17], and the study by Wiegand et al. [18]. In the
Pazhooman et al. [17] study, the runners with PHP demonstrated increased lateral midfoot
eversion ROM during the early stance, which may be consistent with a decreased ability
to control foot pronation in the early–mid stance. Interestingly, the difference identified
between the groups using SPM to investigate coupling between adjacent joints was also
in the frontal plane; however, it did not involve the lateral midfoot and occurred in the
propulsion phase vs. early stance. These differences suggest that discrete single-joint
ROM analysis and SPM analysis may detect different characteristics of plantar heel pain.
A strength of SPM analysis is that it can detect significant differences anywhere in the
time series versus at predetermined events (e.g., peaks) or within predetermined periods
(e.g., early stance). Wiegand et al. [18] did not report any significant differences in sagittal
or frontal plane forefoot, midfoot, or ankle peak angles or ROM during stances between
runners with plantar heel pain and uninjured runners. In addition to the difference in the

46



Biomechanics 2025, 5, 34

statistical analysis techniques utilized, the inclusion criteria (symptoms within the past
two weeks vs. for a minimum of six weeks), footwear (participant’s personal running shoe
vs. standardized sandal), and marker placement (on participant’s running shoe vs. on
participant’s skin) may have contributed to the inconsistent results between the studies.

The only previous study to investigate joint coupling in individuals with plantar
heel pain was a discrete analysis that reported a greater number of anti-phase movements
between the rearfoot complex and medial forefoot joints in the frontal plane in uninjured
individuals compared to individuals with PHP during the stance phase of walking gait [20].
The results of the Chang et al. [20] study and those of the current study cannot be compared
due to difference in the study methodologies (discrete vs. continuous, walking gait vs.
running gait). With respect to gait type, it is possible that PHP may affect foot function
differently during walking compared to running due to the increased forces and/or de-
creased time during stances for the foot to accomplish its various functions during running.
The likelihood that the results of the effect on running may not be generalizable to walking,
and vice-versa, is supported by a previous study that investigated the effect of medial tibial
stress syndrome (MTSS) on foot function during walking and running [34]. This study
found that the effect of MTSS on hindfoot and forefoot motion, compared to an uninjured
group, differed between walking and running gait.

Before drawing conclusions regarding this study, several limitations should be consid-
ered. First, to minimize variability due to running speed, all runners ran at a fixed speed
(4 m/s ± 10%). Although the running speed range is common for healthy adults, it may
not have represented every runner’s preferred speed, which could influence their foot
kinematics. Second, to accommodate multi-segment foot marker placement and eliminate
variability that could have been caused by differing footwear, all participants wore the same
style sandal (Maui and Sons, Pacific Palisades, CA, USA). As a result, the foot kinematics in
the sandal may not be generalizable to the foot coupling kinematics that occur in traditional
running shoes. It will be important for future studies to investigate if varying degrees
of footwear support (e.g., minimalist vs. motion control) influence foot coupling during
running gait in patients with PHP. Third, this study only included young adults, limiting
the generalizability of the findings to other age groups. Fourth, all the runners in the
current study were rearfoot strikers. Thus, the results may not be generalizable to runners
with forefoot strike patterns [35,36]. Fifth, to have sufficient statistical power for the SPM
analyses, the current analysis combined male and female runners in the PHP and uninjured
groups. However, recent studies have identified sex differences in foot kinematics in both
healthy [37] and injured [17,38] individuals. Thus, it will be important for future studies to
explore a potential interaction between sex and group (uninjured vs. PHP) on foot joint
coupling during running gait. Sixth, the current study was sufficiently powered to identify
large effect sizes but may not have been able to identify moderate effect sizes, which may
also be clinically relevant. Lastly, the current study was a retrospective study; therefore,
whether the observed differences in foot function are a cause or a consequence of plantar
heel pain cannot be determined.

5. Conclusions

This is the first study to utilize SPM to investigate foot joint coupling kinematics
during running in runners with plantar heel pain. Our results suggest that plantar heel
pain significantly affects the frontal plane coupling between the rearfoot and medial mid-
foot during the propulsion phase of running gait. The difference may contribute to the
development and/or persistence of plantar heel pain in runners. While future prospective
studies are needed to determine whether foot joint coupling differences are a cause or
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consequence of plantar heel pain, the current findings could also serve as an additional
outcome measure in future intervention studies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomechanics5020034/s1, Figures S1–S11.
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Abstract: Background/Objectives: Postural control describes our ability to maintain an
upright position. This study explored the impact of prolonged ankle plantar-flexed standing
on postural control variability and strategy in an older adult population. The ability
to perceive balance change was also assessed via subjective balance-related variables.
Methods: Twenty-four community-dwelling older adults were recruited via convenience
sampling. Each participant completed a balance confidence and falls efficacy questionnaire
at baseline. Five barefoot quiet standing trials on a force plate then followed (Timepoint
1). After this, the participants stood with their ankles in a plantar-flexed position for up
to 7.5 min before completing another quiet standing trial on the force plate. Four further
ankle plantar-flexed standing trials of 2 min were then completed, interspersed with quiet
standing trials on a force plate (Timepoint 2). The balance confidence and falls efficacy
questionnaires were then completed again. For measures of postural control variability
(sway path length, root mean square [RMS], sway area) and strategy (fractal dimension),
mean values for the five trials were calculated for Timepoints 1 and 2 separately. Results:

The sway path length and RMS measures were significantly increased (p < 0.05) at Timepoint
2. However, the fractal dimension did not change. There was also no change in balance
confidence or falls efficacy. Conclusions: The findings suggest that prolonged standing
can impact measures of postural variability without a change in postural control strategy.
Postural control change also occurred without a change in subjective balance measures,
suggesting that the altered balance may not be practically significant or perceptible to
the individual.

Keywords: postural variability; postural strategy; fatigue; older people

1. Introduction

Human postural control has been modelled as an inverted pendulum with muscular
forces acting about the ankle joints to control the centre-of-mass movement [1,2]. Older
adults who engage in prolonged activity involving the ankle plantar flexors may experience
muscular fatigue, leading to increased postural sway area and sway path [3]; this is
indicative of an increased fall risk [4,5].

The sway area and path length variables are linear measures of postural control that
offer insight into postural variability [6]. A complimentary non-linear analysis, such as the
calculation of fractal dimension, provides additional insight into postural control strate-
gies [7,8]. However, previous studies of prolonged standing with older adult populations
have not explored changes in control strategy. These studies, therefore, miss important
insight into control mechanisms. Similarly, they tend to study the effect of volitional fatigue,
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which is less likely to be experienced by older adults. Furthermore, postural control data
are inherently instable [9], which can impact the data’s absolute and relative reliability [10].
Studies fail to offer interpretations of their findings in relation to the data’s reliability,
especially the Minimum Detectable Change (MDC), considered the smallest real difference
that reflects true change rather than measurement error [11]. Consequently, these factors
can impact the previous conclusions drawn.

The practical significance of postural control change is also missing in previous re-
search. It is, therefore, unclear whether prolonged plantar-flexed standing leads to a
perceptible change in balance, balance confidence, or falls efficacy. This is important given
that a change in these subjective states relates to fear of falling, physical activity avoid-
ance [12,13], and quality of life [14]. In fact, it is not clear whether there is a relationship
between a change in these measures and a change in postural control variables.

This study sought to understand the effect of prolonged activity on the postural control
variability and strategy of older adults. Furthermore, it aimed to evaluate whether there
was any subjective balance change experienced and whether there were any relationships
between changes in postural control and subjective balance measures. It was hypothesised
that postural control will decrease following prolonged standing. It was also thought that
balance confidence and falls efficacy will decrease following prolonged standing. Finally, it
was hypothesised that a change in postural control measures will be positively associated
with a perceived change in balance and falls efficacy and negatively associated with
balance confidence.

2. Materials and Methods

A convenience sample of 24 healthy, community-living older adults (73.7 ± 6.8 years;
Male/Female = 9/15) meeting the inclusion and exclusion criteria was recruited from
the West London area of the United Kingdom. The inclusion criteria required partici-
pants (1) to be at least 60 years old and (2) to independently stand without an assistance
device (e.g., cane and walkers). Older adult residents with cognitive impairment, dete-
riorated musculoskeletal or neurological function, and any medical disease history that
impaired walking and balance (e.g., arthritis, diabetes, visuospatial deficits) were ex-
cluded. This study was approved by the Brunel University of London ethics committee
(42477-A-Feb/2024-49776-1) in accordance with the Declaration of Helsinki. The number
of participants was calculated based on the need to reach a statistical power of 0.8 with
p = 0.05 and d = 0.75 [15]. A Cohen’s d of 0.75 was chosen since it is considered large in
gerontology [16], and these changes are described as ‘grossly perceptible’ [15] and, thus,
could be considered important from a practical perspective.

At baseline, the participants undertook five barefoot quiet standing trials (20 s each)
upon a force plate (Kistler, Winterthur, Switzerland; 100 Hz), standing with their feet
shoulder width apart and arms by their sides, with visual fixation on a cross marked
approximately 1.8 m in distance and 1.8 m in height on a wall. The participants then stood
with their ankles plantar-flexed so that their heels were off the floor, for up to 7.5 min.
After the completion of this time period or when they could not continue any longer,
the participants stood on the force plate again for another 20 s quiet standing trial in the
same stance. Plantar-flexed standing was then repeated four further times, each lasting
two minutes, with a quiet standing trial collected after each. Each plantar-flexed stand
was conducted next to the force plate to minimise the duration taken between the end of
the task and the collection of postural control data. This, along with the quiet standing
trial duration and conducting the plantar-flexed standing before each quiet standing trial,
followed recommendations made to ensure fatigue remained present [17]. A chair was
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also placed in front of the participant so that the participants could use this to remain
plantar-flexed standing for as long as possible.

Postural control variability was measured using the anterior–posterior (A-P), medio-
lateral (M-L), and total sway path lengths; the A-P and M-L RMS and the RMS radius. and
sway area (95% confidence area) were also calculated. These measures are all associated
with the risk of falls and calculated using the position of the centre of pressure (COP) along
with published formulae [18]. The fractal dimension was also calculated, using the 95%
confidence area and total sway path length (Equation (1)), where N is number of sample
points. A value of 1 indicated a completely stationary postural control signal, and a value of
2 indicated completely random postural control data [19]. The data were not filtered since
this can remove natural variability, resulting in a loss of complexity [19]. The COP data
were calculated within BioWare software (version 5.3, Kistler, Winterthur, Switzerland), and
then all the postural control calculations were performed within Microsoft Excel (Microsoft
Corporation, Redmond, WA, USA).

log N

log N + log
√

4
π × 95% confidence area − log total sway path length

(1)

Before baseline quiet standing trials and following the 5th plantar-flexion quiet stand-
ing trial, the participants completed the English Falls Efficacy Scale (FES-I) [13], which
consists of 16 questions about the participants’ concern of falling. The FES-I has excellent
test–retest reliability and good internal consistency [13]; it also possesses good sensitivity
in community-dwelling older adults [20], including for changes in physical function [21].
The sum of the ordinal data is calculated and interpreted as follows: those with scores of
16–19 have a low concern of falling; 20–27 indicates a moderate concern of falling; and
above 28 indicates a high concern of falling [22]. The participants’ balance confidence was
also assessed using the Activity-Specific Balance Confidence short-version questionnaire
(ABC) [12]. This consists of 6 questions with outcome scores presented as ordinal data.
The scale possesses excellent test–retest reliability [23] and also has high internal consis-
tency [24]. The ABC is related to physical function in community-dwelling older adults.
The average score for the questions was determined and interpreted as follows: a score
lower than 50 was indicative of low functioning, 50–80 was moderate functioning, and
above 80 was high functioning [12].

Along with the FES-I and ABC, the participants also rated their perceived change in
balance on a 15-point Generalised Rating of Change (GRC) question [25]. The self-report
GRC is a single-item, recall-based questionnaire of global well-being and pain, based on
change since an initial treatment encounter. The participants scored their global rating of
change in balance compared with their baseline standing on a 15-point self-report Likert
scale (from −7 to 7). A score of 1 to 7 suggests improvement; 0 suggests no change; and
−1 to −7 indicates deterioration. The larger the value, the greater the degree of change.
The outcome scores are ordinal and considered to have high face reliability [26]; they are
also often used as an external standard of change in functional status [27]. The order for
completing these questionnaires was varied across participants.

The effect of the prolonged standing was explored for each postural control variable
by averaging the five baseline trials and comparing these with the average of the five
trials collected post plantar-flexed standing; the averaging of multiple trials substantially
improves the reliability of the data [28]. These were compared using paired sample t-tests.
Similarly, Wilcoxon-signed rank tests were used to explore the differences in ABC and FES-I.
The association between the change in postural control data and the change in balance
confidence and falls efficacy (gain score) was determined using a Spearman’s Rank Correla-
tion Coefficient; these analyses were performed within SPSS software 29.0 (Version 29, IBM
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Corp., Armonk, NY, USA). The size of the relationships was identified as weak when r = 0
to 0.3 or 0 to −0.3 (positive and negative relationship, respectively), moderate when r = 0.3
to 0.7 and −0.3 to −0.7 (positive and negative relationship, respectively), and strong when
r = 0.7 to 1 and −0.7 to −1 (positive and negative relationship, respectively) [29]. Missing
data were omitted from the calculations and reflected in the overall count of responses.
Statistical significance was accepted at p < 0.05.

The relative reliability of the postural control data was assessed using the 5 baseline
trials by calculating the average measures two-way random absolute agreement Intraclass
Correlation Coefficient (ICC2,5). These ICCs were interpreted using the following criteria:
ICC of 0 to 0.5 indicates poor reliability; 0.5 to 0.75 is considered moderate reliability; 0.75
to 0.9 is considered good reliability; and above 0.9 is considered excellent reliability [30].
The standard error of the measurement (SEM) was determined using Equation (2), where
SD was determined using Equation (3); the sum of squares total (SStotal) was provided
within the ANOVA table provided by SPSS along with the ICC data [31].

SEM = SD
√

1 − ICC2,5 (2)

√
SStotal/(n − 1) (3)

To assess whether any individual change in postural control data was real or due to
chance, the MDC95 was determined using Equation (4).

MDC95 = SEM × 1.96
√

2 (4)

3. Results

Based on the ABC, 15 participants were considered high functioning; 2 were low
functioning; and 7 possessed a moderate level of functioning. Furthermore, 14 participants
had a low concern about falling; 9 possessed moderate concern, and 1 participant had high
concern.

All the participants performed five plantar-flexed standing trials, although seven
participants could not sustain standing for the full 7.5 min duration for trial 1. However,
all completed trials two to four, each lasting two minutes.

Prolonged standing resulted in a significantly greater A-P (t(23) = −3.39, p = 0.003,
d = 0.54) and total sway path length (t (23) = −3.35, p = 0.003, d = 0.39); however, the sway
length in the M-L direction did not change (t(23) = −1.53, p = 0.140, d = 0.12) (Figure 1).

The RMS in the A-P direction also significantly increased following plantar-flexed
standing (t(23) = −2.057, p = 0.051), as did the RMS radius (t(23) = 2.034, p = 0.054).
Conversely, the M-L RMS (t(23) = −0.68, p = 0.50) and sway area (t(23) = −1.553, p = 0.134)
did not change, neither did the fractal dimension (t(23) = −3.13, p = 0.757) (Table 1).

Table 1. Mean, standard deviation, and Cohen’s d for postural control measures taken at baseline
(pre) and after plantar-flexed standing (post).

Pre-Mean (SD) Post-Mean (SD) Cohen’s d

RMS A-P (m) * 0.049 (±0.0009) 0.058 (±0.0021) 5.6
RMS M-L (m) 0.059 (±0.0009) 0.035 (±0.0012) 0.9

RMS radius (m) * 0.009 (±0.0124) 0.011 (±0.0141) 0.2
95% ellipse area (m2) 0.0003 (±0.0001) 0.0004 (±0.0002) 0.6

Fractal dimension 1.72 (0.08) 1.73 (0.09) 0.1
* Significance < 0.05; A-P = anterior–posterior; M-L = medio-lateral; RMS = root mean square.
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Figure 1. Comparison of total, medio-lateral (M-L), and anterior–posterior (A-P) sway path at
baseline (pre) and after planar-flexed standing (post).

There was no difference in ABC when comparing baseline (median = 87.92, IQR = 22.92)
with after plantar-flexed standing (median = 88.33, IQR = 26.04), (z = −1.253, p = 0.210);
this was also true for FES-I (baseline median = 19, IQR = 3, after plantar-flexion standing
median = 19, IQR = 4, z = −1.190, p = 0.234).

The GRC was 0 for 12 individuals, suggesting no perceived general change in balance.
Seven individuals experienced a negative change in perceived balance (e.g., poorer balance),
and five rated an improved balance (at least 1-point movement on the scale in either
direction). Table 2 shows that the GRC was moderately and positively correlated with the
change in A-P and total sway path length and RMS A-P. There were no other significant
correlations for GRC nor were there any between sway data and ABC or falls efficacy
gain scores.

Table 2. Correlation between postural control measurements and General Rating of Change in
balance (GRC), Activity-Specific Balance Confidence (ABC), and Falls Efficacy Scale (FES-I).

A-P
Sway

Length

M-L
Sway

Length

Total
Sway

Length

RMS
A-P

RMS
M-L

RMS
Radius

Sway
Area

Fractal
Dimension

GRC R 0.59 0.25 0.61 0.42 0.28 0.35 0.32 −0.13
P <0.01 * 0.25 <0.01 * 0.04 * 0.19 0.10 0.12 0.55

FES-I R 0.02 0.18 0.07 −0.07 −0.08 −0.15 −0.02 0.05
P 0.92 0.41 0.77 0.76 0.73 0.50 0.93 0.82

ABC R −0.31 −0.15 −0.32 0.14 −0.06 0.19 0.002 −0.16
P 0.15 0.48 0.13 0.51 0.79 0.36 0.99 0.47

* Significance < 0.05; A-P = anterior–posterior; M-L = medio-lateral; RMS = root mean square.

The reliability (ICC2,5) of the postural control measurements ranged between moderate
(ICC2,5 = 0.68) to excellent (ICC2,5 = 0.98), except for A-P RMS which was poor and non-
significant (ICC2,5 = 0.27). The MDC95 was represented as a percentage of the baseline
average and ranged from 5.9% to 100% (Table 3).
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Table 3. Relative and absolute reliability for postural control measurements.

ICC2,5 SSTotal SD SEM MDC95 %MDC95

Participants
Exceeding
MDC95 (n)

A-P sway path length 0.92 * 0.516 0.07 0.2 0.05 19.3% 9
M-L sway path length 0.98 * 0.685 0.08 0.1 0.03 10.6% 2
Total sway path length 0.96 * 1.265 0.10 0.2 0.06 14.0% 9

A-P RMS 0.27 0.0004 0.002 0.002 0.004 8.2% 9
M-L RMS 0.68 * 0.0002 0.001 0.0008 0.002 5.9% 10

RMS radius 0.95 * 0.21 0.013 0.003 0.008 88.9% 10
Sway area 0.69 * 0.000005 0.0002 0.0001 0.0003 100% 0

Fractal dimension 0.80 * 1.29 0.10 0.05 0.13 7.6% 0
* Significance < 0.01; ICC = Intraclass Correlation Coefficient; SSTotal = Sum of squaresTotal; SD = standard deviation;
SEM = standard error of measurement; MDC95 = Minimal Detectable Change95; %MDC95 = Minimal Detectable
Change95 as a percentage of baseline mean average; A-P = anterior–posterior; M-L = medio-lateral; RMS = root
mean square.

4. Discussion

This study explored the effect of prolonged activity on postural control. In partial
agreement with the study hypothesis, prolonged activity decreased older adults’ postural
control for some measures, supporting previous observations [3,32]. The greater total sway
path length and RMS radius along with greater movement in the A-P direction suggests
decreased postural steadiness [33] and a greater risk of falling [18].

A decreased function of the plantar flexor muscles due to fatigue may underpin the
observed changes in postural stability. These muscles control movement in the sagittal
plane, across which stability changed. Conversely, in the M-L direction, the sway path
length did not change, which is understandable given that the protocol did not target
muscles that control movement in this direction. During prolonged standing, individuals
can experience reduced blood flow [34], contributing to oxygen and nutrient depletion
and the accumulation of lactic acid in the muscles [35]. Furthermore, during eccentric
contraction, muscle fibres can experience high mechanical stress [36]; all of this can lead
to muscle damage [35] and fatigue [37,38]. As a consequence, the muscles have a reduced
mechanical power and force output [39], leading to a diminished ability to ensure postural
stability. This peripheral fatigue can also impair motor control through weakened sensory
integration and proprioception [40], important for effective postural control [41]. Whilst fa-
tigue was not directly measured, the postural control changes observed are consistent with
other studies in which individuals were fatigued [3,17,32]. However, it is also important to
acknowledge that the prolonged standing may have also led to increased sway in response
to pain or discomfort. Similarly, the fear of falling may have offered a psychological expla-
nation for the change in sway [42], yet there were no differences in the subjective measures
collected to suggest this.

The increase in sway paths and RMS was not accompanied by an increased sway area,
an observation that is in contrast to those of Boyas et al. [3]. This may suggest that the
ankle-stabilising muscles were able to retain sufficient joint stiffness to maintain the area in
which the increased sway occurs. The difference in findings is likely due to greater fatigue
induced by Boyas and colleagues, who used isokinetic contractions until failure. Isokinetic
contractions can lead to fatigue more quickly than the isometric contractions used in the
current study [43]. Sustaining activity until complete exhaustion is unlikely to occur in an
older population, and, thus, this study provides evidence of a change in postural control
under fatigue conditions more likely experienced in older adult populations.

Despite changes in postural variability, the signal complexity as indicated via the
fractal dimension, was unchanged, suggesting that there was no reorganisation of afferents
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and no use of a new postural control strategy [19,44]; this is consistent with other studies in
which increased postural variability has been observed [40,45]. Consequently, any change
in proprioception due to the prolonged standing was insufficient for sensory reweighting
to be required. Similarly, there was no need for increased activity from other ankle muscles
or for a switch to a hip or multi-joint postural control strategy [1], which can occur when
perturbations increase [46].

Whilst changes in the postural stability were shown, the prolonged activity also did
not significantly change balance confidence or falls efficacy, measures considered important
since they impact daily physical activity participation, fear of falling [12,13], and quality of
life [14]. Practically, this suggests that postural control change did not impact the overall
perception of balance, which may be because the postural control change was insufficient
in magnitude. Consequently, the practical significance of the change in postural control is
questionable, which is commonly not demonstrated in similar studies.

It is also important to consider the individual response to the task, which may some-
what account for the inconsistency between group postural control and perception changes.
For various measures (sway area, A-P sway length, total sway length, and RMS A-P),
there were significant moderate correlations with the GRC, which suggests that postural
control change is responsive to changes in this subjective measure [47]. Therefore, for some
individuals, the size of change in postural control was notable, whereas, for others, it was
not. However, these postural control changes were not related to a change in confidence
or efficacy, suggesting that other factors may be more important when evaluating the
perception of fall risk or movement confidence.

Group differences may have also been influenced by variability within the data, affect-
ing their reliability. The relative reliability of the sway path data was excellent, whilst that
of sway area was good and larger than that presented previously by some (ICC = 0.22, [10])
but by not others using similar populations (ICC = 0.92, [48]). The RMS radius also had
excellent reliability, which was larger than that previously presented (ICC = 0.82, [48]).
The RMS in the ML direction had moderate reliability; this was higher than the reliability
presented by Lafond et al. [10] and similar to that by Swanenburg et al. [49]. In general, this
suggests that there was confidence in these data measured. Conversely, the RMS-AP data
showed poor reliability, which is in line with other studies [10,49] but which may impact
the ability to draw faithful conclusions from these data.

Despite generally good-to-excellent reliability, fewer than half of the individuals expe-
rienced a change that was beyond the MDC95. Therefore, the group difference may have
resulted from a number of individual changes that were real, combined with others that
were the result of chance. Consequently, this may explain why a corresponding change in
the ABC and FES-I data was not observed. The reasons for inter-individual differences may
include differences in frailty or sensory system functionality that were either insufficient
for clinical diagnosis or were undiagnosed or unreported by the participants. Differences
in body mass index are shown to impact postural control [50], which, along with differ-
ences in muscle fatigue tolerance, may also be influential. Differences in the baseline ABC
and FES-I may also suggest that individual function and confidence may influence the
postural control and perceptions reported. These factors are rarely considered in the study
of postural control; thus, future studies should be more considerate of these factors when
studying change.

Collectively, these results indicate the importance of measuring perceptual data along-
side reliability data when interpreting postural control in older adults. Furthermore, for
measures deemed responsive, future research should determine the Minimal Important
Change (MIC) for each [47], which will allow the assessment of the meaningfulness of
individual changes. It is important to note that this is not the same as the MDC, which
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is the minimum change required to be real; instead, it is the size of change considered
important for the individual.

A study limitation is that the relative fatigue of each participant was not measured.
This can be determined using dynamometry or electrical stimulation, yet this was not
practically possible given the recommendations to ensure fatigue is present [17]. The RPE
could have also been measured although the maximum RPE at fatigue is often not 20
(i.e., maximum score) and can be dependent on the individual and the exercise; recording
the RPE to make comparisons of individuals within and between studies is, therefore,
problematic, and there is also generally no correlation between fatigue-induced RPE and
change in balance [51]. The angle of the plantar-flexion stance was also not monitored,
which may impact the fatigue generated; thus, motion analysis could be used to monitor
this in future research. Electromyography could also be used to explore a change in muscle
activation that may be indicative of peripheral muscle fatigue [52]. A larger sample size
and greater task intensity may have also resulted in differences and correlations being
shown for those variables observed as insignificant.

5. Conclusions

In conclusion, older adults undertaking prolonged activity can experience increased
postural variability without a change in sway area or control strategy. This change in
variability also occurred without a group change in balance confidence or falls efficacy. The
change in postural control variability was related to a perceived change in balance but not in
balance confidence or falls efficacy. This study also shows the importance of understanding
individual change when interpreting postural control data in group comparisons, which is
often missing in similar research.
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Abstract: According to the World Health Organization, one-third of elderly people aged 65 or over fall
annually, and this number increases after 70. Several gait biomechanical parameters were associated
with a history of falls. This study aimed to conduct a systematic review to identify and describe the
gait biomechanical parameters related to falls in the elderly. MEDLINE Complete, Cochrane, Web of
Science, and CINAHL Complete were searched for articles on 22 November 2023, using the following
search sentence: (gait) AND (fall*) AND ((elder*) OR (old*) OR (senior*)) AND ((kinematic*) OR
(kinetic*) OR (biomechanic*) OR (electromyogram*) OR (emg) OR (motion analysis*) OR (plantar
pressure)). This search identified 13,988 studies. From these, 96 were selected. Gait speed, stride/step
length, and double support phase are gait biomechanical parameters that differentiate fallers from
non-fallers. Fallers also tended to exhibit higher variability in gait biomechanical parameters, namely
the minimum foot/toe clearance variability. Although the studies were scarce, differences between
fallers and non-fallers were found regarding lower limb muscular activity and joint biomechanics.
Due to the scarce literature and contradictory results among studies, it is complex to draw clear
conclusions for parameters related to postural stability. Minimum foot/toe clearance, step width,
and knee kinematics did not differentiate fallers from non-fallers.

Keywords: gait; falls; spatiotemporal parameters; kinematics; kinetics; systematic review

1. Introduction

According to the World Health Organization [1], the occurrence of falls in the elderly
population is an important public health problem, representing the second leading cause
of unintentional injury deaths worldwide. Several individual consequences of falls are de-
scribed in the literature: reduced quality of life [2], psychological effects, such as increased
fear of falling and loss of confidence [3], and fractures [4]. The elderly are the group with
the highest incidence and worst consequences of falls, which increase with aging [5]. On
the other hand, it is also important to highlight the economic burden of falls for families,
communities, and society, e.g., falls among the elderly in the United States of America
resulted in substantial medical costs [6].

Falls in the elderly are dependent on complex multifactorial risks such as (1) intrinsic
risks, e.g., muscle weakness, stability disorders, functional and cognitive impairment,
and visual deficits; (2) extrinsic risks, e.g., prescription of four or more medications; and
(3) environmental risks, e.g., poor lighting or rugs that slide [7]. Focusing our attention on
intrinsic factors, it is important to highlight that the subjects’ functional capacity and motor
control play an important role in falls. This is particularly important during walking, one
of the activities of daily life in which falls are most prevalent [8]. Moreover, the increment
of knowledge about gait biomechanics related to falls (i.e., objective data of functional
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Biomechanics 2024, 4

capacity and motor control) may help in the identification of subjects that present a high risk
of falls and also in the development of interventions to decrease this risk [9]. In this context,
tripping and slipping are the most frequent causes of falls during gait [10]. Regarding
tripping, the minimum toe clearance (MTC) emerged as one gait biomechanical parameter
related to this kind of fall. A previous systematic review [11] addressed this issue and
found no differences between fallers and non-fallers regarding MTC, although the literature
found was scarce. Furthermore, this systematic review also found that fallers had greater
variability in MTC. Naturally, the biomechanical parameters related to slipping are different.
In this way, the heel anteroposterior (AP) velocity at heel strike has been a biomechanical
gait parameter related to slips [12]. Finally, the gait spatiotemporal parameters were also
associated with a history of falls, namely gait speed and cadence [13,14]; stride length,
double support phase duration, and variability in the stride length and swing time [14];
and variability in the step length and double-support phase [13].

Systematic reviews can synthesize the state of knowledge on a specific topic, allowing
the identification of knowledge gaps that can constitute priorities for future research [15].
In our study, the synthesis of knowledge on the gait biomechanical parameters related
to falls in the elderly may be useful for the stratification of severity (i.e., risk of fall) in
future research and also helpful in developing more tailored and suitable assessments
and interventions for this population [16]. Nonetheless, to the best of our knowledge,
no systematic review has approached this issue. Therefore, the aim of this systematic
review was to identify and describe the gait biomechanical parameters related to falls in
elderly populations.

2. Materials and Methods

This systematic review was developed in accordance with the Preferred Items for
Reporting for Systematic Reviews and Meta-Analysis (PRISMA) statement [17]. This review
was registered in PROSPERO (ID–CRD42021271511).

2.1. Eligibility Criteria

The present review included studies according to the following inclusion criteria:
(1) articles comparing elderly fallers and non-fallers on data from gait biomechanical
analyses (the distinction between fallers and non-fallers can occur through retrospective
studies, based on a previous history of falls, and prospective studies based on a follow-
up of a fall’s occurrence); (2) articles that during their methodological set-up induced
falls and compared the elderly who fell with the elderly who recovered, regarding gait
biomechanical data. In the scope of this study, gait biomechanical analyses also comprised
analyses on uneven terrain. Furthermore, data from biomechanical gait analyses included
spatiotemporal, kinematic, kinetic, electromyography (EMG), and plantar pressure data.
The WHO definition of elderly was also considered, i.e., subjects aged 60 or over [18].
The following exclusion criteria were also defined: (1) articles assessing subjects under
60 years (or the mean age of the subjects less one standard deviation lower than 60 years);
(2) articles assessing subjects that use any walking aid, with neurological or osteoarticular
disease (e.g., stroke, Parkinson’s disease, polyneuropathy, osteoarthritis, or rheumatoid
arthritis), with dementia, who are amputees, or who are blind; (3) articles assessing subjects
during dual-task, ascending or descending stairs, turning, or obstacle-crossing; and (4) case
reports, reviews, or dissertations. No restrictions were imposed regarding language or
publication date.

2.2. Search Strategy and Selection Process

Systematic review was conducted independently by two researchers (J.S. and P.A.),
using the following protocol: (1) a comprehensive search of articles was made on MED-
LINE Complete, Cochrane, Web of Science, and CINAHL Complete for articles published
until 22 November 2023, using the following search sentence- (gait) AND (fall*) AND
((elder*) OR (old*) OR (senior*)) AND ((kinematic*) OR (kinetic*) OR (biomechanic*) OR
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(electromyogram*) OR (emg) OR (motion analysis*) OR (plantar pressure)); (2) exclusion
of duplicates—Mendeley was used to manage all references, removing duplicates; (3) se-
lection of articles by title and abstract; (4) screening of articles by analyzing the full text;
and (5) hand search for relevant articles. In the third and fourth points of the protocol, a
third reviewer (T.A.) would be consulted if there were any disagreements between the two
reviewers.

2.3. Data Extraction and Synthesis

Data were extracted by one reviewer (J.S.) using a predefined form: (1) authors and
year of publication; (2) inclusion and exclusion criteria and definition of fall; (3) sample
characteristics (sample size and sociodemographic data—age, gender, and type of popu-
lation); (4) gait assessment; and (5) results (gait biomechanical parameters related or not
related to falls). All information was cross-checked by a second reviewer (P.A.).

2.4. Risk of Bias Assessment

In this systematic review, the Quality Assessment Tool for Quantitative Studies, devel-
oped by the Effective Public Health Practice Project [19], was used to assess the methodolog-
ical quality of studies. This assessment focused on 6 domains: (1) selection bias; (2) study
design; (3) confounders; (4) blinding; (5) data collection method; and (6) withdrawals and
dropouts. Each domain was evaluated with the following classification: “1” corresponds
to a strong report in that domain; “2” corresponds to a reasonable report in that domain;
and “3” corresponds to a weak report in that domain. The articles that met the inclusion
criteria were assessed independently by two researchers (J.S. and P.A.). Any disagreements
were resolved with a consensus discussion between them. If disagreements remained after
discussion, a third reviewer was consulted (T.A.).

3. Results

A total of 13,988 records were found from the following databases: MEDLINE Com-
plete and CINAHL Complete (7144), Cochrane (887), and Web of Science (5957). Additional
articles were also found by manual searching (12). Removal of duplicates resulted in
9425 eligible articles. After this first selection, 8512 articles were excluded by determining
that their titles and abstracts were not relevant or did not meet the inclusion criteria. In
this way, the full text of 913 records was reviewed. The eligibility process resulted in the
inclusion of 96 articles in this systematic review. A flow diagram summarizing this selection
process is shown in Figure 1.

3.1. Characteristics of the Selected Studies

This review included 96 studies: 86 studies [14,20–104] comparing elderly fallers and
non-fallers (Table 1) and 12 studies [103–114] that induced falls during their methodological
set-up and compared the elderly who fell with the elderly who recovered (Table 2).
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Figure 1. Study flow diagram.

Out of the 86 selected studies that compared elderly fallers and non-fallers, 72 (83.7%)
were retrospective, and 12 (14%) were prospective; the remaining two studies compared
the elderly who fell from induced falls with the elderly who recovered during unperturbed
gait trials. Among the retrospective studies, fifteen evaluated the history of falls during
the previous 6 months, one during the previous 10 months, forty-nine during the previous
year, two during the previous 2 years, and one during the previous 5 years; four studies did
not report this information. Among the prospective studies, two evaluated the occurrence
of falls during a 6-month follow-up, eight during a 1-year follow-up, and two during a
2-year follow-up. Additionally, 38 of the studies (44.2%) did not provide a definition of the
term “fall”.

Regarding the selected retrospective studies, 50 analyzed the subjects’ gait on a walk-
way (forty-four during level ground, one during unleveled ground, and five during gait
initiation); 19 on a treadmill (18 during level gait and 1 during gait initiation); and 3 during
real-life scenarios. Concerning the prospective studies, 11 analyzed the subjects’ level gait
on a walkway and 1 on a treadmill.

The elderly’s gait was analyzed on a walkway in all studies that induced falls during
their methodological set-up (three studies induced trips and nine induced slips).

94



Biomechanics 2024, 4

3.2. Risk of Bias Assessment

Out of the 96 studies, 5 studies had a global classification of moderate, and 91 studies
had a global classification of weak (Table 3). Thus, 77 out of the 96 studies were classified as
weak regarding the selection bias domain because the subjects were not representative of
the study population, i.e., the samples were convenience samples; the remaining 19 studies
were classified as moderate because the sample was representative of the population and
the studies were completed by 80–100% of the initially included subjects. Regarding the
study design domain, the 96 studies were classified as weak since their study design was
cross-sectional and the subject selection was not randomized. Relating to the confounders
domain, 78 studies were classified as weak because the potential confounders were not
shown, and 18 studies were classified as strong because the potential confounders were
controlled. Concerning the blinding domain, 24 studies were classified as strong because
the investigators were blinded to the status of the subjects, and the subjects were also
blinded to the research question, while 72 studies were classified as moderate. Regarding
the data collection methods domain, two studies were classified as weak because those
methods were not reliable, or the validity and reliability of the instruments were not shown;
the remaining 94 studies were classified as strong because it was shown that the instruments
were valid and reliable. With respect to the withdrawals and dropouts domain, 84 studies
were classified as moderate because the studies were retrospective; in this component, only
12 studies were classified as strong because the percentage of subjects that completed the
study was 80% or more.

Table 3. Methodological quality evaluation of the included studies using the Quality Assessment
Tool for Quantitative Studies.

S
tu

d
y

S
e

le
ct

io
n

B
ia

s

S
tu

d
y

D
e

si
g

n

C
o

n
fo

u
n

d
e

rs

B
li

n
d

in
g

D
a

ta
C

o
ll

e
ct

io
n

M
e

th
o

d
s

W
it

h
d

ra
w

a
ls

a
n

d
D

ro
p

o
u

ts

G
lo

b
a

l

Heitmann et al., 1989 [20] 3 3 3 2 3 2 3
Gehlsen & Whaley, 1990 [21] 3 3 3 2 1 2 3

Feltner et al., 1994 [22] 3 3 3 2 1 2 3
Wolfson et al., 1995 [23] 3 3 3 2 3 2 3

Maki, 1997 [24] 3 3 1 1 1 1 3
Lee & Kerrigan, 1999 [25] 3 3 3 2 1 2 3

Nelson et al., 1999 [26] 3 3 3 2 1 2 3
Pavol et al., 1999 [105] 3 3 1 1 1 2 3

Wall et al., 2000 [27] 3 3 3 2 3 2 3
Hausdorff et al., 2001 [28] 3 3 3 1 1 1 3
Kerrigan et al., 2000 [29] 3 3 3 2 1 2 3
Kerrigan et al., 2001 [30] 3 3 3 2 1 2 3
Pavol et al., 2001 [107] 3 3 1 1 1 2 3

Kemoun et al., 2002 [31] 3 3 3 1 1 1 3
Auvinet et al., 2003 [32] 3 3 3 2 1 2 3

Mbourou et al., 2003 [33] 3 3 3 2 1 2 3
Lockhart et al., 2003 [106] 3 3 3 1 1 2 3

Chiba et al., 2005 [34] 3 3 1 2 1 2 3
Pijnappels et al., 2005 [103] 3 3 3 1 1 2 3

Barak et al., 2006 [35] 3 3 3 2 1 2 3
Toulotte et al., 2006 [36] 3 3 1 2 1 2 3
Espy & Pai, 2007 [108] 3 3 3 1 1 2 3

Karmakar et al., 2007 [37] 3 3 3 2 1 2 3
Newstead et al., 2007 [39] 3 3 1 2 1 2 3

Barrett et al., 2008 [40] 3 3 3 2 1 2 3
Khandoker et al., 2008 [41] 3 3 3 2 1 2 3
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Table 3. Cont.
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Khandoker et al., 2008 [42] 3 3 3 2 1 2 3
Lockhart & Liu, 2008 [43] 3 3 3 2 1 2 3
Verghese et al., 2009 [14] 2 3 1 1 1 1 2

Greany & Di Fabio, 2010 [44] 3 3 3 2 1 2 3
Greene et al., 2010 [45] 2 3 3 2 1 2 3
Mickle et al., 2010 [46] 2 3 1 1 1 1 3
Bhatt et al., 2011 [104] 3 3 3 1 1 2 3

Kirkwood et al., 2011 [47] 3 3 3 2 1 2 3
Lázaro et al., 2011 [48] 2 3 3 2 3 2 3
Lugade et al., 2011 [49] 3 3 3 2 1 2 3
Panzer et al., 2011 [50] 3 3 3 2 3 2 3
Scanaill et al., 2011 [51] 2 3 3 2 1 2 3

Karmakar et al., 2012 [38] 3 3 3 2 1 2 3
Uemura et al., 2012 [52] 3 3 1 2 1 2 3
Chen & Chou, 2013 [53] 3 3 3 2 1 2 3

Chen et al., 2013 [54] 3 3 3 2 1 2 3
Chiu & Chou, 2013 [55] 3 3 3 2 1 2 3

Fritz et al., 2013 [56] 3 3 3 2 1 2 3
Marques et al., 2013 [58] 3 1 3 2 1 2 3
Marques et al., 2013 [59] 3 1 3 2 1 2 3

Weiss et al., 2013 [57] 3 3 1 2 1 2 3
Ayoubi et al., 2014 [60] 2 3 3 2 1 2 3

Barelle et al., 2014 [61] 3 3 3 2 1 2 3
Iwata et al., 2014 [62] 3 3 3 2 1 2 3

Kobayashi et al., 2014 [63] 3 3 3 2 1 2 3
König et al., 2014 [64] 3 3 1 2 1 2 3

Mignardot et al., 2014 [65] 2 3 1 1 1 1 2
Yang & Pai, 2014 [109] 2 3 3 1 1 2 3
Cebolla et al., 2015 [66] 3 3 3 2 1 2 3

MacAulay et al., 2015 [67] 2 3 3 2 1 2 3
Rispens et al., 2015 [68] 3 3 3 2 1 2 3
Wright et al., 2015 [69] 3 3 3 2 1 2 3

Bounyong et al., 2016 [70] 3 3 3 2 1 2 3
Fujimoto & Chou, 2016 [71] 3 3 3 2 1 2 3

Howcroft et al., 2016 [73] 2 3 3 2 1 2 3
Ihlen et al., 2016 [72] 3 3 3 2 1 2 3

Rinaldi et al., 2016 [74] 3 3 3 2 1 2 3
Sawers et al., 2016 [110] 3 3 3 1 1 2 3
Bizovska et al., 2017 [76] 2 3 3 1 1 1 3

de Melker Worms et al., 2017 [77] 3 3 3 2 1 2 3
de Melker Worms et al., 2017 [78] 3 3 3 2 1 2 3

Marques et al., 2017 [79] 3 3 1 2 1 2 3
Júnior et al., 2017 [80] 3 3 3 2 1 2 3
Rinaldi et al., 2017 [75] 3 3 3 2 1 2 3

Svoboda et al., 2017 [81] 2 3 3 2 1 2 3
Allen & Franz, 2018 [82] 3 3 3 2 1 2 3
Benson et al., 2018 [83] 3 3 3 2 1 2 3

Howcroft et al., 2018 [86] 3 3 3 1 1 1 3
Kwon et al., 2018 [84] 3 3 3 2 1 2 3

Marques et al., 2018 [85] 3 3 1 2 1 2 3
Qiao et al., 2018 [88] 3 3 3 2 1 2 3

Sawers & Bhatt, 2018 [111] 3 3 3 1 1 2 3
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Table 3. Cont.
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Thompson et al., 2018 [87] 3 3 3 2 1 2 3
Watanabe et al., 2018 [89] 3 3 3 2 1 2 3

Bueno et al., 2019 [90] 3 3 3 2 1 2 3
Gillian et al., 2019 [91] 2 3 1 1 1 1 2

Mak et al., 2019 [92] 2 3 3 2 1 2 3
Yamagata et al., 2019 [93] 3 3 3 1 1 2 3
Yamagata et al., 2019 [94] 3 3 3 1 1 1 3
Gonzalez et al., 2020 [95] 3 3 3 2 1 1 3

Pol et al., 2021 [97] 2 3 1 2 1 2 2
Sadeghi et al., 2021 [98] 3 3 3 2 1 2 3

Yamagata et al., 2021 [96] 3 3 3 1 1 1 3
Bruijn et al., 2022 [112] 3 3 3 1 1 2 3

Figueiredo et al., 2022 [99] 3 3 1 2 1 2 3
Nascimento et al., 2022 [100] 2 3 1 2 3 2 2

Wang et al., 2022 [113] 1 3 3 1 1 2 3
Yoshida et al., 2022 [101] 2 3 3 2 1 2 3

Baba et al., 2023 [102] 3 3 3 2 1 2 3
Wang & Bhatt, 2023 [114] 1 3 3 1 1 2 3

1–strong methodological quality; 2—moderate methodological quality; 3—weak methodological quality.

3.3. Gait Spatiotemporal Parameters

The spatiotemporal parameters analyzed among the studies comprised gait speed; ca-
dence; stride and step length; stride and step time; stride and step width; stance phase; swing
phase; single support phase; double support phase; and base of support.

3.3.1. Gait Speed

Gait speed was the parameter most analyzed, namely in 50 studies that compared fallers
and non-fallers. Regarding these studies, 29 reported the fallers’ gait speed was lower than non-
fallers [14,23,25–27,30–32,34,37,39,43,48–50,55–57,60,63,68,75,84,85,91,93,98,100,102]. Although
another 17 studies observed lower values of gait speed in fallers, no statistically significant
differences were yielded [22,24,28,36,58,60–62,66,76,80–82,86,89,91,94]. No study reported
higher values of gait speed in fallers.

Four studies analyzed gait speed variability using linear measures: one used the
coefficient of variation and standard deviation [81], while three only used the standard
deviation [24,63,68]. Of these studies, three reported higher values in fallers [24,68,81],
while one reported no differences between fallers and non-fallers [63].

Three studies analyzed gait speed during induced slips [110–112] and two during
induced trips [103,105]. Four studies reported no differences between falls and recover-
ies [103,110–112], while only one reported that the gait speed of the elderly who fell was
higher than the elderly who recovered from an induced trip [105].

3.3.2. Cadence

Cadence was evaluated in 22 studies that compared fallers with non-fallers. Among
these, six studies reported the fallers’ cadence was lower [25,32,39,45,68,98]. Although
another 10 studies observed lower values of cadence in fallers, no statistically significant
difference was yielded [30,31,36,55,61,86,89,94,100,102]. No study reported higher values
of cadence in fallers.
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One study analyzed cadence variability (using the standard deviation) and observed
no differences between fallers and non-fallers [68].

3.3.3. Stride and Step Length

Stride or step length was analyzed in 39 studies that compared fallers and non-
fallers. Nineteen studies reported the fallers’ stride or step length was lower [23,25,30,32–
35,39,43,51,53,56,67,84,85,91,94,98,100]. Although another 13 studies observed lower values
of stride or step length in fallers, no statistically significant difference was yielded [21,22,
24,31,36,44,61,63,66,77,80,81,102]. No study reported higher values of stride or step length
in fallers.

Stride or step length variability was studied using the coefficient of variation [14,51,
77,81] and standard deviation [24,33,63,84,87]. Three studies reported that fallers yielded
higher values [14,24,33], while six reported no differences [51,63,77,81,84,87].

Step or stride lengths were also analyzed in studies that induced slips [109,111,113]
and trips [103,105,107] during their methodological set-up. Of these, one study reported
the stride and step length of the elderly who fell were higher than the elderly who recovered
from the induced trip [105], while two studies reported the stride and step length of the
elderly who fell were lower than the subjects who recovered from the induced trips [107]
and induced slips [113]. The other four studies reported no differences between falls and
recoveries [103,109,111].

3.3.4. Stride and Step Time

Stride and step time were evaluated in 37 studies that compared fallers and non-fallers.
Nine studies reported the fallers’ stride or step time was higher [26,34,40,45,57,68,74,85,98].
Although another 10 studies reported higher values of stride or step time in fallers, no
statistically significant differences were yielded [22,24,31,36,43,44,51,65,84,86]. Only one
study reported lower values of stride time in fallers [47].

Stride and step time variability were analyzed using the coefficient of variation [45,51,
56,60,73,79–81,86] and standard deviation [24,28,40,68,79,84,85]. Six studies reported that
fallers yielded higher values [28,40,60,68,79,84], while 10 reported no differences [24,45,51,
56,60,73,80,81,85,86].

Step or stride time was also analyzed in studies that induced trips during their method-
ological set-up [105,107]. These two studies reported the step time of the elderly who fell
was lower than the elderly who recovered from induced trips.

3.3.5. Stride and Step Width

Stride and step width were analyzed in 18 studies that compared fallers and non-
fallers. Three studies showed that fallers’ stride or step width was higher [21,51,74], while
one study observed lower values of step width in fallers [51]. The other studies showed no
differences between fallers and non-fallers [20–22,24,53,59,63,77,78,81,87,93,94,98,101].

Stride and step width variability was evaluated using the coefficient of variation [51,77,78,81]
and standard deviation [20,24,63,87]. All studies reported no differences between fallers
and non-fallers.

Step width was also analyzed in studies that induced slips [108] and trips [105] during
their methodological set-up. Both reported no differences between fallers and those who
recovered [105]. Step width variability was also evaluated (using standard deviation) in
one study [109], which verified higher values in fallers.

3.3.6. Stance Phase

The stance phase was evaluated in 13 studies that compared fallers and non-fallers.
Four studies reported the fallers’ stance phase was higher [40,55,84,85]. The other studies
showed no differences between fallers and non-fallers [45,47,51,56,63,73,77,86,102].
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The stance phase variability was evaluated using the coefficient of variation [45,51,73,77,79]
and standard deviation [40,63,85]. Five studies reported that fallers yielded higher val-
ues [40,63,77,79,85], while three reported no differences [45,51,73].

The stance phase was also evaluated in one study that induced trips during its method-
ological set-up [103], which showed no differences between fallers and those who recov-
ered.

3.3.7. Swing Phase

The swing phase was analyzed in 18 studies that compared fallers and non-fallers.
Five studies observed the fallers’ swing phase was lower than non-fallers [14,31,55,84,85].
In the other 13 studies, no statistically significant difference was yielded [21,22,40,44,45,47,
51,56,63,73,77,86,94].

The swing phase variability was studied using the coefficient of variation [14,45,51,73,77]
and standard deviation [28,40,63,79,85]. Three studies reported that fallers yielded higher
values [14,28,79], while seven reported no differences [40,45,51,63,73,77,85].

The swing phase was analyzed in one study that induced trips during its methodolog-
ical set-up [103], which reported no differences between fallers and those who recovered.

3.3.8. Single Support Phase

The single support phase was evaluated in 10 studies that compared fallers and non-
fallers. The fallers’ single support phase was lower than non-fallers in two studies [39,55].
The other eight studies showed no differences between fallers and non-fallers [21,22,31,36,
45,51,80,84].

The single support phase variability was also analyzed in two studies using the coeffi-
cient of variation [45,51], which observed no differences between fallers and non-fallers.

3.3.9. Double Support Phase

The double support phase was analyzed in 18 studies that compared fallers and non-
fallers. Of these, nine studies reported the fallers’ double support phase was higher [14,26,
31,33,39,55,84,85,98], while one observed exactly the contrary [45]. The other eight studies
showed no difference between fallers and non-fallers [21,24,44,51,56,73,102,103].

The double support phase variability was studied using the standard deviation [24]
and coefficient of variation [45,51]. One study reported that fallers yielded higher val-
ues [24], while two reported no differences [45,51].

The double support phase was also evaluated in one study that induced trips during
its methodological set-up [103], which reported no differences between falls and recoveries.

3.3.10. Base of Support during Gait

The base of support during gait was analyzed in four studies that compared fallers and
non-fallers. Of these, two studies reported the fallers’ base of support was higher [26,56].
The other two studies showed no differences between fallers and non-fallers [22,49].

The margin of dynamic stability was evaluated in one study that compared fallers
and non-fallers [74]; the authors found higher values in fallers. This parameter was also
analyzed in one study that induced slips during its methodological set-up [109]. In this
study, the authors found higher values in fallers.

3.3.11. Others Parameters

The time of toe-off occurrence (% of the gait stride) was analyzed in one study that
compared fallers and non-fallers [89]. This study reported no differences between fallers
and non-fallers regarding this parameter.
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3.4. Kinematic Parameters

The kinematics parameters analyzed among the studies comprised the following: min-
imum foot/toe clearance; center of mass (CoM); center of pressure (CoP); head, trunk,
pelvis, and lower limb kinematics; and slip kinematic parameters.

3.4.1. Minimum Foot/Toe Clearance

The minimum foot/toe clearance was analyzed in nine studies that compared fall-
ers and non-fallers. Two studies reported the fallers’ minimum foot/toe clearance was
lower [34,66]. Nonetheless, three studies reported contrary results, i.e., fallers’ minimum
foot/toe clearance was higher [37,42,89]. On the other hand, four studies reported no
differences between fallers and non-fallers [21,41,63,91].

The minimum foot/toe clearance variability was studied using linear measures (i.e., co-
efficient of variation [34,91] and standard deviation [37,63,91]) and nonlinear measures
(i.e., approximate entropy [38,41], sample entropy [38], wavelet-based multiscale expo-
nent [42], detrended fluctuation analysis exponent [42], and Poincaré plot indexes [41,42]).
Four studies reported that fallers yielded higher variability [34,37,38,41,42], while two
studies reported no differences between fallers and non-fallers [63,91].

3.4.2. CoM

Differences between fallers and non-fallers regarding CoM position were found in
two studies [71,93], while one showed no differences [49]. One study found no differences
regarding CoM displacement [96], while another found differences regarding CoM lat-
eral sway [35]. Three studies observed lower values of the fallers’ CoM velocity during
gait [53,71,74], namely AP velocity [53,74], while one found no differences [105]. Regarding
CoM acceleration, one study found lower values in fallers [71].

CoM variability was analyzed in one study using the variance [94]. In this study, higher
values were found in fallers regarding the variability in the CoM vertical displacement;
however, concerning the variability in the CoM mediolateral (ML) displacement, no differ-
ences were observed between fallers and non-fallers. On the other hand, one study using
the local divergence exponent found higher values in fallers, i.e., higher variability [77].

CoM was also analyzed in one study that induced trips during its methodological
set-up, which reported the CoM position and velocity of the elderly who fell were not
different than the elderly who recovered from the induced trip [108].

The dynamic stability of CoM was analyzed in one study that induced slips during its
methodological set-up (dynamic stability is the relative motion state between CoM and
the base of support). This study found no differences between the elderly who fell and
the elderly who recovered from the induced slip [109]. The dynamic stability was also
analyzed in three studies that induced slips during their methodological set-up. Of this,
one study reported the fallers’ dynamic stability was higher [104]. The other two studies
showed no differences [110,111].

3.4.3. CoP Kinematics

One study reported that the fallers’ CoP excursion index was lower than non-fallers [97].
Moreover, one study found higher CoP ML displacement in fallers [101]. On the other hand,
four studies reported the CoP AP displacement and/or velocity presented no differences
between fallers and non-fallers [73,86,97,101].

The variability in the CoP AP and ML displacements was evaluated in two studies
using the standard deviation [81] and coefficient of variation [73]. Their authors reported
no differences between fallers and non-fallers.

3.4.4. CoM–CoP Relation

Two studies that compared fallers and non-fallers analyzed the CoM–CoP relation.
Their results are contradictory. While one study reported the fallers’ CoM–CoP AP distance
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was lower [49], the other observed higher values [69]. On the other hand, CoM–CoP ML
distance presented no difference between fallers and non-fallers in one study [49].

3.4.5. Head, Trunk, and Pelvis Linear Kinematics

Trunk linear kinematics were evaluated in one study that compared fallers and non-
fallers [34]; they found higher maximal ML displacement of the trunk center in fallers.

One study used the refined composite multiscale entropy and the refined multiscale
permutation entropy regarding lower back velocity and acceleration [72]; they found higher
complexity in fallers. The computed multiscale entropy and the Shannon entropy were also
used to analyze the complexity of the trunk AP and ML displacement [76]; data pointed
out the inability of the multiscale entropy to distinguish fallers and non-fallers, whereas
Shannon entropy seemed to be sufficient in fall risk prediction. On the other hand, fallers
presented higher variability in the lower back vertical axis and lower variability in the
lower back ML axis [57].

One study used the short-term exponents of the trunk ML, AP, and vertical dis-
placement to analyze gait variability. No differences were yielded between fallers and
non-fallers [95]. One study that during their methodological set-up induced slips [109] also
analyzed the variability in the trunk through nonlinear measures, i.e., using the maximum
Lyapunov exponent and Floquet multiplier. Their authors found no differences between
fallers and those who recovered.

The maximum Lyapunov exponent was also used in two studies in order to evaluate
the gait variability. Contradictory results were found in these two studies, i.e., one found
higher variability in the right anterior superior iliac spine in fallers [43], while the other did
not find differences between fallers and non-fallers regarding the head and pelvis [73]. One
of these studies also analyzed variability using the ratio of even to odd harmonics, having
found differences between fallers and non-fallers regarding the pelvis [73].

3.4.6. Lower Limb Linear Kinematics

Two studies analyzed the foot velocity and heel vertical velocity at heel strike [44,66].
They found no differences between fallers and non-fallers.

One study used the fast Fourier transform first quartile on the shank displacement [86];
they found higher variability in fallers.

The hip horizontal displacement [103], the hip–ankle distance, the obstacle–ankle
distance, the ankle horizontal velocity, and the hip vertical velocity [107] were analyzed in
two studies that induced trips during their methodological set-up. No differences were
found between fallers and those who recovered.

The hip height was analyzed in two studies that induced trips during their method-
ological set-up [103,107]. Of this, one study reported the fallers’ hip height at ground foot
contact was lower [107]. The other study showed no differences between the elderly who
fell or recovered from the induced trips [103].

3.4.7. Slip Kinematics Parameters

The slip distance was analyzed in three studies that induced slips during their method-
ological set-up [110,111,113]. Of these, two studies reported the fallers’ slip distance was
higher [110,113]. The other study showed no differences [111]. The peak slip velocity was
also evaluated in these three studies. Of these, one study reported the fallers’ peak slip
velocity was higher [113]; the other two studies showed no differences [110,111]. One of
these three studies also assessed the slip duration [111]. In this study, no differences were
found between fallers and recoverers.

3.5. Angular Kinematic Parameters

The angular kinematics analyzed among the selected studies comprised the lower
limb joints (hip, knee, and ankle), foot progression angle, and foot angle with the ground,
trunk, pelvis, thigh, and shank.
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3.5.1. Hip

Five studies reported differences between fallers and non-fallers regarding hip angular
position or displacement [29,31,35,58,63]. On the other hand, eight studies found no
differences regarding hip angular position or displacement [21,22,29,31,61,82,98,102].

Fallers exhibited greater variability in the hip in the frontal plane during the entire
stance phase [63].

Hip angular position was also analyzed in two studies that induced trips [107] and
slips [111] during their methodological set-up. The first one found differences between
fallers and those who recovered, while the other did not.

3.5.2. Knee

Knee kinematics were evaluated in 10 studies that compared fallers and non-fallers.
These studies reported no differences regarding knee angular position or displacement [21,
22,30,31,61,82,83,90,98,102].

Fallers exhibited greater variability in the knee during the entire swing phase [63].
Knee angular position was also analyzed in one study that induced slips during its

methodological set-up [111]. Data yielded higher values of knee flexion in fallers but no
differences regarding knee extension.

3.5.3. Ankle

Ankle angular position or displacement yielded no differences between fallers and non-
fallers in nine studies [21,22,30,58,61,82,90,98,102]. On the other hand, differences between
fallers and non-fallers regarding ankle kinematics were found in three studies [31,35,63].

Fallers exhibited greater variability in the ankle in the frontal plane during the entire
stance phase [63].

Ankle angular position was analyzed in one study that induced slips during its
methodological set-up [111]. No differences were found between fallers and non-fallers.

3.5.4. Foot Progression Angle

Foot progression angle was analyzed in three studies that compared fallers and non-
fallers. These studies supported no differences between fallers and non-fallers [84,90,94].

Foot progression angle variability was also studied using the standard deviation [93,94].
No differences were found between fallers and non-fallers.

3.5.5. Foot Angle with Ground

Differences between fallers and non-fallers regarding the foot angle with the ground
were found in two studies [34,102]. While one study observed higher values in fallers [34],
the other found lower values [102].

The variability in the maximum foot angle with the ground was also studied using
the coefficient of variation [34]. In this study, higher values were found in fallers.

3.5.6. Trunk

Trunk angular position was analyzed in one study that compared fallers and non-
fallers; no differences were found [54].

Trunk angular position was also evaluated in three studies that induced trips [105,107]
and slips [114] during their methodological set-up. Two of these studies observed differ-
ences between fallers and non-fallers [107,114], while the other did not [105].

3.5.7. Pelvis

Pelvis angular position was analyzed in three studies that compared fallers and non-
fallers. All studies reported no differences between fallers and non-fallers [30,93,94].

The variability in pelvis angular position was studied using the standard deviation [93,94];
however, no differences were yielded between fallers and non-fallers.
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3.5.8. Thigh

Thigh angular position was analyzed in two studies that compared fallers and non-
fallers [93,94], which reported no differences between these groups.

The variability in thigh angular position was studied using the standard deviation [93,94].
No differences between fallers and non-fallers were found.

3.5.9. Shank

Three studies that compared fallers and non-fallers reported differences between
fallers and non-fallers regarding shank angular position [45,93,94].

The variability in the shank angular position was studied using the standard devia-
tion [93,94]. Differences between fallers and non-fallers were found, with higher values
in fallers.

Shank angular position was also analyzed in two studies that induced slips during
their methodological set-up [110,111]. No differences between fallers and non-fallers were
yielded.

3.5.10. Other Parameters

AP CoM–ankle inclination was evaluated in one study that compared fallers and
non-fallers [53]; the authors found higher inclinations in fallers.

The ankle–hip inclination at the time of loading was analyzed in one study that
induced trips during its methodological set-up [107]. In this study, differences between
fallers and those who recovered were found, i.e., higher inclinations in fallers.

Two studies analyzed the variability in inter-joint coordination. One study used the
standard deviation for this purpose [55] and found higher variability in fallers regarding
the knee–ankle coordination (during stance and swing phase); however, the variability
in hip–knee coordination yielded no differences between fallers and non-fallers [55]. In
addition, another study reported lower variability in the lower limb coordination in fallers,
indicating an inconsistency in neuromuscular control [98].

3.6. Kinetic Parameters
3.6.1. Ground Reaction Force

The ground reaction force was analyzed in five studies that compared fallers and non-
fallers [54,69,73,84,86]. The peak braking force and the peak propulsive force (calculated
from the AP component) presented no differences between fallers and non-fallers [69,84].
On the other hand, differences regarding braking force and propulsive force were found
in another study [54]. On the other hand, the impulse during the gait cycle presented no
differences in two studies [73,86].

Ground reaction force was also evaluated in one study that induced slips during
its methodological set-up [101]. This study reported the fallers’ coefficient of friction
(horizontal ground reaction force/vertical ground reaction force after heel contact) was
lower than in those who recovered.

3.6.2. Plantar Pressure

Peak plantar pressure and total pressure–time integral presented higher values in fall-
ers [46,97]. On the other hand, the pressure–time integral regarding different foot regions
(medial and lateral heel, medial and lateral midfoot, central and lateral forefoot, hallux,
second and lateral toe) showed no difference between fallers and non-fallers; only the
pressure–time integral of medial forefoot yielded higher values in fallers [98].

3.7. Dynamic Parameters
3.7.1. Hip Moment

The hip moment was analyzed in four studies that compared fallers and non-fallers [25,
30,31,54]. Three studies point out differences, namely in the sagittal plane [25,30,31]. Only
one study reported no differences between fallers and non-fallers [54]. Moreover, one
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study also evaluated other planes of movement [30]; they found differences regarding
the hip adduction moment but no differences concerning hip abduction, external, and
internal moments.

The hip moment was analyzed in one study that induced trips during its methodolog-
ical set-up [103], which reported no differences between fallers and those who recovered.

3.7.2. Knee Moment

The knee moment was analyzed in four studies that compared fallers and non-fallers.
Two studies yielded differences between fallers and non-fallers [25,30], while the other two
reported no differences [31,54].

The knee moment was also evaluated in one study that induced trips during its
methodological set-up [103]. In this study, no differences were yielded.

3.7.3. Ankle Moment

The ankle moment was evaluated in four studies that compared fallers and non-fallers.
Two studies yielded differences between fallers and non-fallers [25,54], while the other two
reported no differences [30,31].

Ankle moment was also analyzed in one study that induced trips during its method-
ological set-up [103]. The authors reported no differences between fallers and non-fallers.

3.7.4. Hip, Knee, and Ankle Power Absorption and Generation

One study found differences between fallers and non-fallers regarding hip power
absorption and generation, namely with lower values in fallers [30]. However, another two
studies reported no differences between fallers and non-fallers [25,31].

Two studies reported the knee power absorption of fallers was lower than non-fallers;
however, the knee power peak and power generation presented no differences [25,30].

Ankle power absorption and generation were analyzed in three studies that compared
fallers and non-fallers [25,30,31]. One study reported the ankle power generation of fallers
was lower than non-fallers [30], while another observed higher values of ankle power
absorption in fallers [25]. On the other hand, another study reported the ankle power peak
presented no differences between fallers and non-fallers [31].

3.7.5. Other Parameters

One study found differences between fallers and non-fallers regarding total CoM
kinetic energy (at swing-off), namely with lower values in fallers [53].

Angular momentum was also evaluated in one study that induced trips during its
methodological set-up [103]. This study reported the fallers’ angular momentum at push-off
and total momentum are predictors of falls.

3.8. EMG Parameters
3.8.1. Muscle Activity

Muscle activity was analyzed in 10 studies using EMG measures. Eight studies com-
pared elderly fallers and non-fallers [47,59,70,82,88,89,92,94], while two studies compared
the elderly who fell with the elderly who recovered from induced slips [110,111].

The fallers’ internal oblique activity before heel contact was lower than non-fallers.
On the other hand, the same study observed no significant differences in internal oblique
activity at the initial stance, final stance, and after toe-off [59].

The gluteus maximus was analyzed in one study that compared fallers and non-fallers.
This study reported the fallers‘ gluteus maximus activity at the final stance is higher than
non-fallers. On the other hand, no significant differences in gluteus maximus activity were
observed at the initial stance, before heel contact, and after toe-off [59].

The fallers’ biceps femoris activity at initial stance and before heel contact is higher
than non-fallers. On the other hand, no significant differences in biceps femoris activity
were observed at the final stance and after toe-off [59].
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The biceps femoris long head was analyzed in one study that induced slips during its
methodological set-up. Their authors pointed out the higher onset latencies of fallers. On
the other hand, no differences were observed regarding the onset latencies of the nonslip
leg and the peak magnitude of the slip and nonslip leg [110].

The gastrocnemius was analyzed in two studies that compared fallers and non-
fallers [47,59]. One of these studies reported the fallers’ gastrocnemius activity during
the stance phase was lower than non-fallers [47]. On the other hand, no differences were
observed in gastrocnemius activity at the initial stance, before heel contact, and after
toe-off [47,59].

The medial gastrocnemius yielded differences in onset latencies and peak magnitude
when the elderly who fell and the elderly who recovered from an induced slip were
compared [110].

The vastus lateralis was analyzed in one study that induced slips during its method-
ological set-up. The authors reported the fallers’ onset latencies of the slip leg were higher
than in those who recovered. On the other hand, no differences in onset latencies of the
nonslip leg and peak magnitude of the slip and nonslip leg were reported [110].

No differences between fallers and non-fallers were found regarding soleus activity
and onset latency [47], tibialis anterior activity [59,110], latency [47,110], peak magni-
tude [110], multifidus activity [59,110], or rectus femoris activity [59,110].

The variability in central locus activation of the rectus femoris was studied using the
coefficient variation [98]. No differences between fallers and non-fallers were found.

3.8.2. Muscle Synergies and Co-Contraction

The co-contraction index (between tibialis anterior and gastrocnemius) and lower limb
muscle co-contractions of fallers were higher than non-fallers [59,70].

The muscle synergies were analyzed in two studies that compared fallers and non-
fallers. One study reported the fallers’ muscle synergies were lower than non-fallers [82].
On the other hand, fallers’ kinematic synergy during the early and late swings was higher
than non-fallers [94].

The muscle synergies were also evaluated in two studies that induced slips during
their methodological set-up. In both studies, it was reported that the fallers’ muscle
synergies were lower than in those who recovered [110,111].

3.9. Gait Symmetry and Gait Smoothness

Two studies found differences between fallers and non-fallers regarding gait symmetry,
which expressed the similarity of craniocaudal movements on the left and the right inde-
pendently from fluctuations in successive craniocaudal movements of each limb [32,68].

The two studies that analyzed gait smoothness—a quality that reflects the continu-
ousness or non-intermittency of walking [68,99]—found different results, i.e., one study
reported that gait smoothness was associated with the number of falls [68], while the other
did not find differences between fallers and non-fallers [99].

4. Discussion

The aim of the present study was to conduct a systematic review to identify and
describe the gait biomechanical parameters related to falls in the elderly population. Ac-
cording to the results of this systematic review, the gait spatiotemporal parameters were
the most analyzed data when elderly fallers and non-fallers were compared, especially the
gait speed. The majority of the selected studies for this systematic review reported lower
gait speed in elderly fallers, pointing out that this can be a gait biomechanical parameter
that differentiates elderly fallers from non-fallers. This lower gait speed in fallers may be
the result of reduced functional capacity, fear of falling, or both. Concerning functional
capacity, the data compiled in this systematic review may provide some clues: differences
between elderly fallers and non-fallers were found regarding lower limb muscular activity
and lower limb joints biomechanics (i.e., joints moments and powers), although the number
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of studies on these topics has been scarce. On the other hand, gait speed has been associated
with a fear of falling [24,52,60]. In this way, 63.4% of the retrospective studies (i.e., studies
in which fallers had already suffered a fall at the time of gait assessment) that analyzed gait
speed reported a lower gait speed in fallers, while only 33.3% of the prospective studies
(i.e., studies in which fallers had not suffered a fall at the time of gait assessment) reported
a lower gait speed in fallers. These numbers also suggest an effect of fear of falling again
on the elderly gait, namely on gait speed. Other parameters were also referenced as related
to the fear of falling, such as the stride/step length and the double support phase [24].
According to the data in this systematic review, these parameters have also presented
the ability to differentiate elderly fallers from non-fallers, i.e., fallers tended to present
a reduced stride/step length and an increased double support phase. Therefore, these
data point to the importance of interventions in the elderly who restore and improve their
functional capacity and self-confidence during activities of daily living.

Gait speed is dependent on cadence and step length [115]. According to data from this
systematic review, the lower gait speed shown by fallers seems to be more sensitive to a
reduction in step length than in cadence, although several studies have also found a lower
cadence in fallers. On the other hand, stride and step time were other spatiotemporal pa-
rameters associated with gait speed [115]; according to our data, these parameters showed
lower ability than gait speed to differentiate fallers from non-fallers. Finally, stride/step
width and foot progression angle were gait biomechanical parameters that clearly did not
differentiate fallers from non-fallers.

Tripping is one of the most frequent causes of falls in the elderly [9], while the mini-
mum foot/toe clearance has been a gait biomechanical parameter associated with trips [11].
Regarding this parameter, our data point to contradictory and non-differentiating results,
suggesting the minimum foot/toe clearance may not be a consistent differentiator between
fallers and non-fallers. In contrast, the minimum foot/toe clearance variability, using
both linear and nonlinear measures, appears as a potential parameter associated with a
history of falls in the elderly. This is in line with a previous systematic review [11], which
concluded that higher minimum foot clearance variability may contribute to an increased
risk of trips.

The minimum foot/toe clearance Is sensitive to alterations in the angular positions of
the swing limb joints, i.e., hip, knee, and ankle [116]. Previous research pointed to a higher
sensitivity to the ankle angular position, then to the hip angular position, and lastly to the
knee angular position [116–118]. Thus, the elderly can adjust minimum foot/toe clearance
by controlling these joint angles. In this way, the analysis of lower limb joint kinematics
among fallers and non-fallers is an important issue. Although it was not transversal to all
studies selected for this systematic review, some of them identified differences between
fallers and non-fallers regarding hip and ankle angular position or displacement. Thus,
the need for interventions that improve the motor control of the lower limb joints is a very
important aspect to explore. In this regard, a program of proprioceptive and functional
strength exercises seems to be a good solution for improving motor control of the lower
limb joints [119,120]. On the other hand, knee kinematics do not seem to have the ability to
differentiate fallers from non-fallers.

Studies involving gait with induced stability perturbations were relatively scarce
and analyzed a large disparity of variables (with low frequency in the various studies).
Among the studies that induced trips during their methodological set-up, a lowering
strategy, characterized by a faster gait speed and delayed support limb loading, was linked
to falls during a step [107]. On the other hand, elevating strategy falls were marked by
an accelerated gait speed and excessive lumbar flexion. Moreover, fallers exhibited an
insufficient reduction in angular momentum during push-off, improper recovery limb
placement, and reduced rates of moment generation in support limb joints. Due to the fact
that research on this issue is scarce, the extraction of conclusions is largely limited.

Slip falls are a growing health concern for the elderly [113]. Heel velocity and foot
angle with the ground at heel strike were gait biomechanical parameters associated with
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slip falls [12,34,102]. According to data from this systematic review, the literature is scarce
regarding these parameters. Moreover, foot angle with the ground at the heel strike
revealed contradictory results, and heel velocity at the heel strike showed no differences
between fallers and non-fallers. Moreover, the studies that induced slips during their
methodological set-up assessed other gait biomechanical parameters, such as the coefficient
of friction, the slip distance, the peak slip velocity, and the slip duration. Once again, the
studies that analyzed these issues are scarce; nonetheless, their data indicated the fallers’
coefficient of friction (horizontal ground reaction force/vertical ground reaction force, after
heel contact) was lower than in those who recovered. Regarding the other parameters,
there seems to be no great ability to differentiate fallers from those who recovered.

Postural stability can be defined as the ability to maintain adequate sustainability
of the body along the movement [121]. The CoM and CoP have been used to analyze
postural stability in previous studies [122–124]. The literature is scarce concerning the
relation between falls and CoM and CoP; however, the contradictory findings across
studies emphasize the complexity of assessing postural control and stability during gait,
especially regarding the comparison between fallers and non-fallers. Moreover, the analysis
of the base of support during gait as well as the margin of dynamic stability also revealed
diverse findings, making it impossible to draw clear conclusions.

The variability in the gait biomechanical parameters was studied using linear and
nonlinear measures. Overall, fallers tend to exhibit higher variability in the gait pattern.
According to previous research [24], this higher gait variability can be linked with lower
motor control. As described in a previous paragraph, exercise programs can be good
options in order to improve motor control and, as a result, to reduce the risk of falls.

The majority of the included studies were classified as weak in the global assessment,
reflecting concerns about their quality. Selection bias was a domain that influenced this
classification, with the majority of studies categorized as weak. The dependence on conve-
nience samples has raised concerns regarding the generalizability to broader populations,
restricting the external validity of these studies. Additionally, all studies were rated as
weak in the study design domain, predominantly attributable to the cross-sectional nature
of the investigations and the nonrandomized selection of the subjects. This is not precisely
a problem, as our study aimed to compare the gait biomechanical parameters between
elderly fallers and non-fallers. Other limitations identified across the various studies in-
clude the definition of a fall, the timeframe considered for the fall’s occurrence, and the
gait assessment on a treadmill. Approximately 55% of the selected studies presented a
definition of fall and these definitions were quite similar. However, nearly half of the
studies did not provide any explicit definition, which may impact the reliability of the
reported results. According to data from this systematic review, approximately 21% of the
selected studies conducted the gait assessment on a treadmill. Walking on the treadmill
does not reflect everyday gait as it imposes a different gait pattern [125]. In this way, the
obtained results may be influenced by this methodological constraint.

Practical and clinical implications arise from this study. In this way, healthcare work-
ers and clinicians must pay attention to some gait biomechanical parameters (i.e., gait
speed, stride/step length, and double support phase) when evaluating elderly gait and
during interventions that aim to prevent the occurrence of falls.

Some of the gait biomechanical analysis methods used in the selected studies are
not considered the gold standard methods to assess gait, i.e., optoelectronic gait analysis
systems and force plates [126–128]. Nonetheless, most of the other equipment used in the
various studies is presented in the literature as validated and reliable. This heterogeneity
observed between the reviewed studies regarding the gait biomechanical analysis methods
used may limit our conclusions, contributing to different values for the same parameter.
Therefore, this is one of the reasons why no meta-analysis was carried out. Therefore,
it is preferable for future investigations to use gold-standard methods to assess gait in
the elderly.
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Indeed, the scarce literature regarding some parameters limited the ability of this
study to yield strong conclusions. In this way, further work is needed to understand the
association between the gait biomechanical parameters and falls in the elderly. An example
is the need for research that comprises parameters associated with motor control, such as
muscular activity. Another aspect that we did not see addressed in the studies selected for
this systematic review was joint stability. One parameter used to study joint stability is
dynamic joint stiffness [121], which has been used to differentiate fallers and non-fallers in
certain clinical populations [129].

5. Conclusions

The results of this systematic review pointed out that the gait speed, stride/step length,
and double support phase are biomechanical parameters of gait that play a distinctive role
in differentiating fallers from non-fallers. In this way, these are parameters that healthcare
workers and clinicians must pay attention to when evaluating elderly gait and during
interventions that aim to prevent the occurrence of falls. Elderly fallers also tend to exhibit
higher variability; the variability in the minimum foot/toe clearance is an important
example due to its relation with trips. Although studies on lower limb muscular activity
and joint biomechanics are limited, the available research indicated that differences in
these aspects may also be associated with the propensity for falls. However, it is crucial
to highlight the complexity of drawing clear conclusions due to the scarcity of literature
and contradictory results among studies, namely parameters related to postural stability.
Parameters such as minimum foot/toe clearance, step width, and knee kinematics did not
demonstrate a discriminative ability between fallers and non-fallers. Therefore, despite
advancements in understanding the biomechanics of gait concerning falls, further research
is needed at some points to provide a more comprehensive and consistent understanding
of these complex relationships.
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Abstract: Considering that people with Parkinson’s disease (PD) experience challenges in the control
of both balance and eye movements, this study investigated the effects of saccadic eye movements on
body sway in people with PD in two bases of support positions (side-by-side and tandem stances).
Ten people with PD and 11 healthy individuals performed (a) fixation; (b) horizontal saccadic eye
movements to the right and left; and (c) vertical saccadic eye movements up and down. The protocol
for each postural task consisted of one block of six trials, making a total of 12 trials. Body sway and
gaze parameters were measured during the trials. In both people with PD and healthy individuals,
anterior–posterior body sway was significantly reduced in horizontal saccadic eye movements in
contrast to fixation, regardless of the body position (side-by-side and tandem stances). Furthermore,
vertical saccadic eye movements increased the area of sway in contrast to horizontal ones (and not
to fixation) in people with PD. In addition, people with PD showed a higher number of fixations
in all experimental conditions, without changes in the mean duration of fixations in both body
positions. In conclusion, individuals with PD can improve body sway by coupling eye movements
and postural sway when performing horizontal saccadic eye movements but not when performing
vertical saccadic eye movements.

Keywords: posture; Parkinson’s disease; gaze; saccadic eye movements; body sway

1. Introduction

The coordination between postural control and visual system is essential for success-
fully performing multiple tasks and achieving environmental goals [1]. Young adults are
able to control body sway to facilitate eye movements during visual search tasks [1] and to
use reliable visual information to enhance body sway control [2]. People with Parkinson’s
disease (PD) experience challenges in the control of both balance [3] and eye movements [4].

People with PD display larger body sway magnitude [5–7], higher body sway acceler-
ation and velocity, and lower complexity and adaptability [8] in postural control function
while standing upright compared to age-matched neurologically healthy controls [9]. In
addition, their limits of stability are reduced [10] due to a disruption of the precisely co-
ordinated execution of agonist and antagonist muscles [11]. These postural impairments
are problematic because they can lead to falls [12], which are related to asymmetric control
of posture in people with PD [13]. The postural sway of people with PD is higher during
challenging upright postural tasks, such as tandem position [14,15]. Poor postural control
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performance in people with PD is not surprising, considering the many changes in sensory
systems [16].

It is known that individuals with PD particularly rely on visual information to com-
pensate for deficits in postural sway control [17]. However, eye movement abnormalities
in people with PD are extensively discussed in the literature, including a decreased range
of eye movements and prolonged saccadic latency [4,18]. In addition, this population
shows hypometria during the execution of voluntary saccades (remembered, predictive,
and antisaccades) [19] and impairment of antisaccade latencies, which is an indirect marker
of impaired anticipatory postural adjustments [20]. The deficits in voluntary saccade
movements in PD are attributed to pathological involvement at the brainstem and basal
ganglia levels [20]. While the basal ganglia mediate saccade amplitude and latency [18],
the cerebellum is involved in saccade accuracy [21]. However, it is not clear yet whether
and how aspects of saccade and postural control are conjointly impaired in PD. A better
understanding of how eye movements and postural sway are linked in PD should help to
develop more effective strategies to minimize balance impairments in this population.

In both young adults [22,23] and healthy older adults [24,25], it has been shown
that body sway is reduced when performing saccadic eye movements. This reduction in
postural sway allows the brain to shift gaze accurately, indicating a functional connection
between posture and gaze control [1]. However, the impact of saccadic eye movements
on body sway depends on the direction of the saccadic eye movements (horizontal vs.
vertical) and the level of difficulty of the standing posture in both young and older adults.
Vertical saccadic eye movements are more challenging for the eye movement system
than horizontal saccade ones, leading to a delayed gaze response [26]. Greater postural
instability seems to impair eye movements in the vertical direction, particularly in older
adults [25]. When exposed to a challenging standing position (e.g., tandem stance), older
adults exhibited greater variability in gaze during vertical saccadic eye movements, which
is associated with larger head movements compared to young adults [25]. Furthermore,
older adults experience an increase in the effects of saccadic eye movements on body sway
when performing a more challenging postural task, adopting a more rigid postural control
strategy [24].

This stabilization of postural control could be attributed to both afferent and efferent
mechanisms for eye movements. In fact, the afferent motion perception mechanism occurs
when the central nervous system uses optic flow information to minimize retinal slip and
stabilize the distance between the eye and the visual scene; while the efferent motion
perception mechanism occurs when the central nervous system uses the copy of motor
commands (i.e., “efference copy”) or extraocular muscle afferents that follow eye move-
ments to stabilize posture [2]. Another explanation for the reduction in body sway during
saccadic eye movements in healthy adults may be associated with the achievement of a
goal in a supra-postural task [27]. This type of activity includes tasks or behavioral goals
that are subordinated to the control of posture [27]. In this case, postural coordination and
supra-postural performance have a hierarchical relationship, where posture coordination
serves as a means to succeed in supra-postural tasks. The main viewpoint is that the
neurologically healthy individual improves postural stability to facilitate, at least in part,
the performance of this type of task [28]. Both explanations consider additional resources
available, such as sensory cues, attentional efforts, and cognitive engagement, as essential
for decreasing postural sway and favoring the spatial accuracy of the saccade in terms of
target location [23,29].

Considering that postural sway is decreased in performing saccadic eye movements
in healthy young and older adults, testing the impact of such saccadic eye movements
is important in people with PD who often experience larger body sway, especially in
challenging stances (i.e., semi-tandem position) [14,15], and deficits in voluntary saccade
movements [4,18], which increase the risk of falls [12]. In this study, we investigated
the effects of horizontal and vertical saccadic eye movements on body sway in people
with PD (under dopaminergic medication) and neurologically healthy individuals (control
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group) during quiet stance tasks in two bases of support positions (side-by-side and
tandem stances).

We hypothesized that (i) the brain would decrease body sway to perform horizontal
saccadic eye movement compared to the eye fixation condition in neurologically healthy
individuals, with a greater reduction during tandem stance than side-by-side stance [24],
but we did not expect changes in body sway in people with PD during horizontal saccadic
eye movement due to their postural [14,15] and visual deficits [4,18]; (ii) the brain would
not reduce body sway during vertical saccadic eye movement compared to the eye fixa-
tion condition in both neurologically healthy individuals and people with PD because of
the weaker functional connection between posture and gaze control in this scenario [25];
(iii) people with PD would show poorer gaze performance, with an increased number of
fixations and decreased mean duration of fixations during both horizontal and vertical
saccadic eye movements compared to neurologically healthy individuals, with a greater im-
pact during tandem stance than side-by-side stance; and iv) both groups would show worse
gaze performance during vertical saccadic eye movements compared to horizontal saccadic
eye movements, considering that the first type of eye movement is more challenging for
the eye movement system [26].

2. Materials and Methods

2.1. Participants

Ten individuals diagnosed with PD (PD group) (8 men/2 women) and 11 neurolog-
ically healthy individuals (7 men/4 women) participated in this study. The number of
participants was determined using a power analysis that used an alpha level of 0.05, effect
size of 0.93 and a power of 90% (G-power®). The analysis was based on the mean velocity
of the center of pressure (CoP) from Polastri and colleagues’ study [25], which determined
that a minimum of nine participants in each group was needed for the study.

All participants included in this study were over the age of 60 and were able to stand
independently during the postural task. The PD group included only those who had
received a confirmed diagnosis of idiopathic PD from a specialist according to the criteria
of the UK Parkinson’s Disease Brain Bank Field [30], classified between stages 1 and 3
on the Hoehn and Yahr (H&Y) scale [31] and treated with dopaminergic medication.
Participants with cognitive deficits (defined as a score below 24 on the Mini-Mental State
Examination [32]) (for both groups), rheumatic or orthopedic diseases that impaired the
performance of the postural task (for both groups), or any neurological diseases (for the
control group) or other neurological diseases (for the PD group) were excluded from the
study. To ensure consistent visual acuity among participants, we conducted the Snellen
test and only selected individuals with visual acuity scores between 20/20 and 20/30
to participate in the study. Five individuals with PD and three neurological healthy
individuals did not meet the inclusion/exclusion criteria and were therefore excluded from
the study.

All participants signed an informed consent form and heard a thorough explanation
of the research procedures before signing the document. The study received approval from
the University Ethics and Research Committee (#11322/46/01/12).

2.2. Clinical Evaluation

A specialist in movement disorders conducted a cognitive evaluation of both the con-
trol group and the PD group. The control group was evaluated using the Mini-Mental State
Examination and an anamnesis. The PD group was evaluated using a procedure similar
to that for the control group, in addition to the H&Y scale and the Unified Parkinson’s
Disease Rating Scale—UPDRS-III [33]. The PD group was assessed under dopaminergic
medication (“ON” state) [34].
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2.3. Postural Task and Eye Movements

During the experiment, each participant was asked to stand barefoot on a force plate
(AMTI-AccuGait). An LCD monitor (37.5 cm × 30 cm, LG, Faltron L1952H, 50/60 Hz,
0.8 A) was placed at eye level, and a red dot with a 2 cm diameter was displayed on the
monitor, which was 1 m away from the participant’s eyes. The target was presented on a
white background, and its subtended visual angle was 1.15◦ (relative to looking straight
ahead). The stimulus was generated using Flash Mx 7.2 software (Macromedia, Portland,
OR, USA).

The participants completed the trials of the two postural tasks in a sequential order,
and the three visual conditions in a randomized order. The protocol for each postural task
consisted of one block of six trials, making a total of 12 trials. After every three trials, the
participant was given a one-minute rest period to avoid fatigue or tiredness that could
potentially deteriorate their performance. Each trial lasted 70 s.

The participants performed two types of postural tasks under eye movement condi-
tions: (1) to stand with the feet in a side-by-side stance, with the feet parallel and aligned
with the shoulders; (2) to stand with the feet in a tandem stance, with the least affected or
dominant foot aligned in front of the most affected or non-dominant foot (Figure 1d,e). The
three visual tasks were (a) fixation, where the participant fixed their gaze on a single target
displayed at the center of the screen (Figure 1b); (b) horizontal saccadic eye movements
to the right and left, with the subject tracking the targets in those directions on the screen
(Figure 1a); (c) vertical saccadic eye movements up and down, with the individual keeping
their eye on the target positioned above or below the screen (Figure 1c). During horizontal
and vertical saccadic eye movements, (i) the angle between targets was 11◦ to avoid head
movements, and (ii) the target appeared first on the left side of the monitor, 9.75 cm away
from the center, and then disappeared and reappeared immediately on the opposite side
(i.e., the right side), also 9.75 cm away from the center.

Figure 1. A representation of postural tasks and visual conditions: (a) horizontal saccadic eye
movements, (b) fixation, (c) vertical saccadic eye movements, (d) feet in side-by-side stance, and
(e) tandem stance. The red dot is the target for eye movement tasks.

To determine the lower-limb preference of the control group, the participants were
asked to kick a ball. The limb used to kick the ball was considered the preferred limb [35].
For the people with PD, the most affected limb was determined using items 20–23 and
25–26 of UPDRS-III. The value of the right limb was subtracted from the value of the left
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limb in each item. If the result of this calculation was positive or negative, the most affected
limb was the right or left limb, respectively [35].

2.4. Data Analysis

The force plate measures the forces (Fx, Fy and Fz) and moment components (Mx, My
and Mz) to calculate the displacement of the CoP in the anterior–posterior (AP) and medial–
lateral (ML) axes. The CoP displacement was filtered using a second low-pass Butterworth
filter with a 5 Hz cutoff frequency and a fourth-order zero-lag. A head-mounted eye
tracking system (model H6, Applied Science Laboratory, Billerica, MA, USA) was used to
measure eye movements with a precision of 1◦ of visual angle. The system calibration was
performed from the fixation of nine points displayed in a 3 by 3 grid and checked in each
trial. The sampling frequency was 60 Hz. Although each trial lasted 70 s, the first 10 s were
not considered in the analyses.

The following CoP variables were calculated for both AP and ML directions: displace-
ment of sway—the total path length of the CoP along the support base in each direction;
mean velocity of sway—the division of the total sway in each direction by the duration of
the trial; and root mean square (RMS)—the mean variability of the displacement along the
trial. In addition, the area was calculated as 95% of the ellipse area that the CoP covered. To
analyze the data from the force platform, a group of specific programs written in MATLAB
R_2022a (MathWorks, Inc®, Natick, MA, USA) was used.

Eye movement analysis was conducted using Applied Sciences Laboratories Results
Plus software® (Billerica, MA, USA) and MATLAB (MathWorks, Inc®). The following gaze
parameters were calculated for both conditions: number of fixations (the total number
of fixations during the trials), and mean duration of fixations (the average of all fixation
durations in each trial). To calculate these gaze parameters, an eye fixation occurred when
the value of two times point of gaze standard deviation was less than one degree of visual
angle in the horizontal axis and one degree of visual angle in the vertical axis over 100 ms.

2.5. Statistical Analysis

CoP and gaze variables were pre-tested with the Shapiro–Wilk test to verify the
normality of the data and with Levene’s test to verify the equality of variance. Independent
t-tests were performed to compare anthropometric and cognitive status between the PD
group and the control group. Three-way ANOVAs were conducted to test differences
between groups, and within-group conditions, for each CoP- and gaze-dependent variable.
The study examined the effects of groups (PD vs. control), visual tasks (fixation, horizontal,
and vertical saccadic eye movements) and base of support (side-by-side vs. tandem).
The last two factors were measured repeatedly. When the ANOVA showed significant
differences between variables, post hoc tests with Bonferroni adjustments were performed.
For gaze-dependent variables, visual tasks had only two levels (horizontal and vertical
saccadic eye movements). The effect size (η2, partial eta-squared) was also calculated for
each statistical analysis and was interpreted as a small effect if it was <0.06, moderate if
it was within >0.06 and <0.14, and large if it was >0.14 [36]. The significance level was
p < 0.05 (SPSS, version 26.0).

3. Results

Table 1 depicts the anthropometric and clinical status of the PD group and control
group. There were no significant differences in age, body mass, height and cognitive status
between the two groups (all p > 0.05).

Table 1. Anthropometric and clinical characteristics of the participants.

PD Group Control Group

Age (years) 66.0 ± 6.0 69.8 ± 3.4
Body mass (kg) 67.4 ± 16.3 -
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Table 1. Cont.

PD Group Control Group

Height (m) 1.64 ± 0.05 -
H&Y stage 2.2 ± 0.4 -

UPDRS-III (pts) 19.3 ± 6.1 -
MMSE (pts) 28.2 ± 1.8 28.5 ± 1.1

H&Y—Hoehn and Yahr scale; Unified Parkinson’s Disease Rating Scale—motor part—UPDRS-III; MMSE—Mini-
Mental State Examination.

3.1. CoP Parameters

Figures 2 and 3 depict the CoP variables for side-by-side and tandem support positions
during fixation and eye movements in horizontal and vertical directions. ANOVAs did not
reveal a significant three-factor interaction for the group and base of support and visual
task (p > 0.05).

Figure 2. Means and standard deviations of CoP parameters for side-by-side stance during fixation
and eye saccadic movements in horizontal and vertical directions in people with PD (PD group) and
neurologically healthy individuals (control group). AP—anterior–posterior; ML—medial–lateral.
# indicates significant group differences; + indicates significant differences between fixation condition
and horizontal eye saccadic movements (both groups); * indicates significant differences between
horizontal and vertical eye saccadic movements for the PD group.
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Figure 3. Means and standard deviations of CoP parameters for tandem stance during fixation and
eye saccadic movements in horizontal and vertical directions in people with PD (PD group) and
neurologically healthy individuals (control group). AP—anterior–posterior; ML—medial–lateral.
# indicates significant group differences; + indicates significant differences between fixation condition
and horizontal eye saccadic movements (both groups); * indicates significant differences between
horizontal and vertical eye saccadic movements for the PD group.

ANOVAs indicated a significant group effect for AP displacement (F1,18 = 24.23,
p < 0.001, η2 = 0.57), mean velocity of sway (F1,18 = 18.39, p < 0.001, η2 = 0.50) and RMS
(F1,18 = 24.96, p < 0.001, η2 = 0.58), and area of sway (F1,18 = 9.80, p < 0.006, η2 = 0.35). The
PD group showed higher levels of AP displacement, mean velocity of sway and RMS, and
area of sway compared to the control group.

ANOVAs indicated a significant visual task effect for AP displacement (F1,18 = 6.29,
p < 0.005, η2 = 0.25) and RMS (F1,18 = 6.76, p < 0.004, η2 = 0.24). During the horizontal
saccadic movements, the participants in both groups reduced AP displacement and RMS
compared to the fixation condition.

ANOVAs also indicated a significant base of support effect for ML displacement
(F1,18 = 64.49, p < 0.001, η2 = 0.78), mean velocity of sway (F1,18 = 47.61, p < 0.001, η2 = 0.72)
and RMS (F1,18 = 61.21, p < 0.001, η2 = 0.77), AP mean velocity of sway (F1,18 = 17.13,
p < 0.01, η2 = 0.48), and area of sway (F1,18 = 18.30, p < 0.001, η2 = 0.50). In both groups, the
tandem stance resulted in higher levels of ML displacement and RMS, AP and ML mean
velocity of sway, and area of sway than the side-by-side stance.
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A group by base of support interaction was indicated in ANOVAs for AP mean
velocity of sway (F1,18 = 9.21, p < 0.007, η2 = 0.33). The PD group showed greater AP mean
velocity of sway during the tandem stance compared to the side-by-side stance (p < 0.001),
which was not found for the control group.

A group by visual task interaction was indicated in ANOVAs for the area of sway
(F2,36 = 3.59, p < 0.04, η2 = 0.16). Only for the PD group, the area of sway was higher
when performing vertical saccadic eye movements compared to horizontal saccadic eye
movements (p < 0.005), but there was no significant difference in comparison to fixation
condition (p = 0.124).

3.2. Gaze Parameters

Figure 4 shows the gaze parameters for side-by-side and tandem stances during
saccadic eye movements in horizontal and vertical directions. ANOVA did not reveal a
significant interaction for (i) group and base of support, (ii) group and visual task, (iii) base
of support and visual task, and (iv) group and base of support and visual task (p > 0.05).

Figure 4. Means and standard errors of gaze parameters for side-by-side and tandem stances
during fixation and eye saccadic movements in horizontal and vertical directions in people with
PD (PD group) and neurologically healthy individuals (control group). # indicates significant group
differences; * indicates significant differences between vertical and horizontal saccadic eye movements
(both groups).

ANOVAs indicated a significant group effect for the number of fixations (F1,17 = 24.60,
p < 0.001, η2 = 0.59) and mean duration of fixations (F1,18 = 5.19, p < 0.03, η2 = 0.23). In all
tasks, the PD group exhibited a higher number of fixations and shorter mean duration of
fixations compared to the control group.

ANOVAs indicated a significant visual task effect for the number of fixations (F1,17 = 4.37,
p < 0.05, η2 = 0.21). The participants in both groups exhibited a lower number of fixations in
the vertical saccadic eye movements compared to horizontal saccadic conditions.

ANOVAs also indicated a significant base of support effect for the number of fixations
(F1,17 = 6.02, p < 0.02, η2 = 0.26). For both groups, the tandem stance resulted in a higher
number of fixations than the side-by-side stance.
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4. Discussion

We conducted a study to test whether people with PD are able to reduce their body
sway when performing horizontal and vertical saccadic eye movements while standing
with feet in a side-by-side or tandem stance. Our findings partially supported our first
hypothesis, showing a reduction in body sway for both groups when performing horizontal
saccadic eye movement compared to the eye fixation condition (we expected reduction
only for neurologically healthy individuals). However, we did not find significant effects
of the base of support on body sway during horizontal saccadic eye movements as we
proposed in the first hypothesis. In addition, our second, third, and fourth hypotheses were
fully supported by our findings: vertical saccadic eye movements did not reduce body
sway for both people with PD and neurologically healthy individuals, gaze performance
was poorer in people with PD compared to neurologically healthy individuals, especially
during tandem stance, and vertical saccadic eye movements led to poorer gaze performance
compared to horizontal saccadic eye movements, respectively. It is important to note that all
significant effects had a large effect size, indicating that eye movements had a noteworthy
impact on postural stability.

During horizontal saccadic eye movements, people with PD were able to reduce body
sway during both side-by-side and tandem postural tasks by coupling eye movements and
postural sway (Figures 2 and 3). This finding was unexpected and invalidated our main
hypothesis. A posteriori, the literature also showed that neurologically affected populations
are able to reduce their sway to perform gaze shift tasks as well as older healthy and
younger populations [22–24]. The afferent and efferent mechanisms of visual stabilization
of posture can explain these results [2]. On the one hand, the afferent mechanism involves
minimizing changes in the projected image on the retina to maintain a relationship between
visual information and body posture during fixation [23,29]. On the other hand, the efferent
mechanism, particularly efference copy, attenuates body sway in an attempt to connect
pre-saccadic and post-saccadic views of the scene, thus enhancing the spatial accuracy of
the saccade concerning the target location [23,29]. Since the eye saccade condition requires
greater postural stability to allow spatially more accurate gaze shifts, there seems to be a
functional integration of postural and gaze control [1]. Also, similarly to neurologically
healthy individuals, the achievement of a goal in a supra-postural task may explain the
reduction in body sway during saccadic eye movements [27]. Therefore, there is an
improvement in postural stability to facilitate, at least in part, the performance of this type
of task [28].

One possible reason for the similar findings in people with PD, under dopaminergic
medication, and healthy controls in our study (or other populations in other studies) could
be related to subcortical control of posture. During horizontal saccadic eye movements, it
is believed that the control of posture shifts to a more subcortical level [27]. It means that
the brain uses the brainstem/cerebellum to control the body/head position, while other
lower structures take control of eye movements. This hypothesis puts postural control on
a “second goal”, making it more “automatic” and reducing body sway during horizontal
saccadic eye movement. Consistent with this argument, Bonnet et al. [37], Cruz et al. [7],
and Feller et al. [38] showed that PD may not affect a person’s ability to control their posture
automatically in simple environments (e.g., when looking at a blank target). It means that
people with PD are able to control their posture as well as healthy people in quiet stance.
Furthermore, and based on our results, PD individuals are also able to improve their
postural control, and thus show functional gaze and posture connection when performing
horizontal saccadic eye movements. In other words, performing horizontal saccadic eye
movements might be a useful strategy to help the central nervous system in people with
PD to counter impairments in basal ganglia related to both gaze shift and postural control.

As expected, vertical saccadic eye movements did not reduce body sway and worsened
gaze performance in both groups in comparison to the control fixation task. Therefore,
people with PD did not show any functional coupling between gaze and posture but also
did not show any impairment when performing vertical saccadic eye movements. As
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complementary information, vertical saccadic eye movements increased the area of sway
in people with PD but only when contrasting the horizontal and vertical saccadic eye
movements. Hence, this finding only shows that the coupling between gaze shift and
postural control is significantly better when performing horizontal saccadic eye movements
than vertical saccadic eye movements and not that there is a PD-related impairment in
vertical saccadic eye movements (as again, there was no significant difference between
body sway in vertical saccadic eye movements and fixation). We can provide some reasons
to explain why the coupling between gaze shift and postural control was not functional
when performing vertical saccadic eye movements.

Firstly, we need to acknowledge that the control of horizontal and vertical eye sac-
cadic movements is distinct. In fact, on one hand, the cortical areas mainly involved in
horizontal saccade generation are the contralateral parietal and frontal eye fields [26]. On
the other hand, the circuits required to execute vertical saccades involve a higher level of
activation in the right frontal eye field, cerebellar posterior lobe, and superior temporal
gyrus [4]. Secondly, vertical eye movements are more variable compared to horizontal
eye movements [25]. Our results seem to confirm that gaze performance is poorest during
vertical eye movements. We found a lower number of fixations during vertical saccadic
eye movements compared to horizontal saccadic conditions for both groups. However,
we did not assess the variability of eye movements to fully confirm the existing literature.
Thirdly, the direction of vertical gaze movement could have promoted slight up/down
head rotations, which would have increased sway because the head is a heavy segment.
Even if head rotations had been similar in left/right and up/down directions, they have
clearly different effects on postural sway [39]. In fact, on one hand, in left/right head
rotations, the head center of mass stays in line with the body center of mass, thus not
creating any couple of rotations and ultimately not increasing postural sway. On the other
hand, in up/down head rotations, the head center of mass is not aligned with the body
center of mass anymore [39], thus creating couples of rotations that increase postural sway.
Unfortunately, we cannot verify this a posteriori hypothesis, as we did not record head
rotation. We can only suggest, from the results, that both groups were able to significantly
reduce their sway when performing horizontal saccades but not vertical saccades. One
relevant finding, though, is that due to the specificity of 90% in discriminating PD and
healthy individuals, vertical saccades could be a biomarker for early diagnosis of PD [26]
and postural impairments.

Our results validated the hypothesis that people with PD would have a worse gaze
performance than neurologically healthy individuals. In fact, they revealed that people with
PD used a higher number of fixations in all visual tasks in both postural tasks compared
to healthy individuals, which could be an indication of reduced goal-directed control [40].
This suggests that people with PD have difficulty maintaining their visual attention and
may shift their gaze toward irrelevant information, which could increase the number of
fixations in the visual scene. This behavior can be dangerous, as shown by Gotardi et al. [41],
who found that people with PD had an increased number of collisions while driving due to
an overall increase in gaze fixations and a shift in visual attention toward task-irrelevant
information. People with PD tend to have difficulties in processing temporal information,
leading to deficits in temporal judgment [42]. According to Cruz et al. [43], individuals with
PD exhibit delayed body sway to visual stimuli during continuous and predictable driving
frequency compared to the control group, indicating some disruption in the visual–motor
coupling. The pedunculopontine nucleus area, which is responsible for both saccades and
posture functions, may explain some of the dysfunction seen in PD patients [20].

Although novel findings were presented above, some limitations of our study need to
be discussed. First, the sample size was small but still fitted with the required minimum
sample size. Additionally, all significant differences exhibited large effect sizes, which
confirms that the number of participants in the study was adequate. A second limitation is
that we refrained from the inclusion of patients in H&Y 4 and 5. So, our findings can be
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valid only for initial and moderate levels of PD. An extension of the study population to
the late stages of PD would be relevant in future studies.

5. Conclusions

In conclusion, the novelty of our findings is that individuals with initial and moderate
PD and ON-drug are able to couple eye movements and postural sway in order to improve
body sway when saccadic horizontal eye movements are performed during standing
tasks. Furthermore, these individuals with PD can reduce postural sway as efficiently as
neurologically healthy people when performing horizontal saccades. However, vertical
saccades could affect gaze behavior in PD, potentially compromising the effect of the
efferent mechanism for postural stabilization in this population. Therefore, individuals
with PD should better perform saccadic horizontal eye movements, and even exaggerate
performing them, and they should be careful when performing saccadic vertical eye
movements. Incorporating saccadic eye movements into postural training could be an
effective intervention strategy for individuals with PD.
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Abstract: It is well established that combining exercise with medication may benefit func-
tionality in individuals with PD (Parkinson’s disease). However, the long-term evolution
of gait biomechanics under this combination remains poorly understood. Objectives: This
study aims to analyze the evolution of spatiotemporal gait parameters, kinetics, and kine-
matics throughout a long-term exercise program conducted in water and on dry land.
Methods: We have compared the trajectories of biomechanical variables across the treat-
ment phases using statistical parametric mapping (SPM). A cohort of fourteen individuals
with PD (mean age: 65.6 ± 12.1 years) participated in 24 sessions of aquatic exercises
over three months, followed by a three-month retention phase, and then 24 additional ses-
sions of land-based exercises. Three-dimensional gait data and spatiotemporal parameters
were collected before and after each phase. Two-way ANOVA with repeated measures
was used to compare spatiotemporal parameters. Results: The walking speed increased
while the duration of the double support phase decreased. Additionally, the knee extensor
moment consistently increased in the entire interval from midstance to midswing (20%
to 70% of the stride period), approaching normal gait patterns. Regarding kinematics,
significant increases were observed in both hip and knee flexion angles. Furthermore,
the abnormal ankle dorsiflexion observed at the foot strike disappeared. Conclusions:
These findings collectively suggest positive adaptations in gait biomechanics during the
observation period.

Keywords: Parkinson’s disease; gait biomechanics; kinematics; kinetics; exercise program;
statistical parametric mapping

1. Introduction

Parkinson’s disease (PD) is a multifaceted and intricate neurodegenerative condi-
tion [1] characterized by a spectrum of motor and non-motor symptoms that significantly
impact independence and quality of life [2]. Among these symptoms, gait abnormalities
stand out as one of the most prevalent and disabling motor impairments [3].

In PD, specific gait dysfunctions manifest as reductions in speed, step and stride
lengths, swing time, and range of motion [3,4]. Additionally, alterations in the timing and
amplitude of leg muscle activation are observed [5,6]. Ankle angle kinematics are often
notably affected, alongside reductions in joint moments and power generation during pre-
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swing [7–10]. These gait impairments significantly contribute to the functional limitations
experienced by individuals with PD.

The primary treatment for motor dysfunction in individuals with PD is medication.
However, compelling evidence suggests that combining it with physical exercise may
significantly enhance quality of life and motor outcomes, particularly those related to
gait [11–13]. Consequently, physical therapy guidelines have recommended physical
exercises for PD patients [12,14,15].

Several studies on gait function have indicated improvements in functional and
spatiotemporal gait outcomes following physical exercise interventions [12]. For example,
Rafferty et al. [16] compared the effects of progressive resistance exercise and a multimodal
exercise program on spatiotemporal and stability-related gait outcomes, noting enhanced
off-medication gait velocity and cadence in both groups. Shen et al. [17] demonstrated that
balance and gait training with augmented feedback enhanced gait velocity and stride length,
whereas the active control group showed improvement in gait velocity only. Additionally,
individuals with PD who participated in aquatic gait training significantly improved
spatiotemporal parameters [6].

In a specific guideline for exercise protocols targeting gait function, Ni et al. [12]
recommended a comprehensive approach that includes multidimensional physical therapy
(balance and gait training), treadmill gait training with body weight support, cycling,
aquatic exercises, resistance training, and complementary treatments such as tai chi, yoga,
and tango. The authors endorsed various modalities because no single approach was
deemed superior to the others when considering overall gait function outcomes.

More recently, systematic reviews with meta-analyses have highlighted the superiority
of aquatic exercises (AEs) for enhancing functional mobility and balance [11,13,18,19].
Hvingelby et al. [13] concluded that aquatic therapy with dual-task training exhibited
the most significant effect on dynamic gait outcomes, such as scores in Timed Up and
Go, Dynamic Gait, and other gait functional scales, compared to other exercise protocols.
Conversely, Ernst et al. [11] concluded that aqua-based exercises were superior to other
forms of exercise for improving quality of life and were equivalent to them regarding
motor signs.

In summary, it is well established that both water-based and land-based physical
exercises can improve functional gait outcomes in PD. However, studies have primarily
focused on spatiotemporal parameters or functional mobility scales [20], overlooking the
biomechanics of gait. One study has described changes in gait kinematics and muscle
recruitment patterns following aquatic training protocols [6,21], but, to our knowledge,
none have explored gait kinetics. Therefore, a gap remains in understanding how gait
kinetics evolve in individuals with PD undergoing interventions, especially aquatic ones,
over the long term.

While studies analyzing gait kinetics in PD after AE training are lacking, it has been
demonstrated that healthy individuals exhibit different joint moments when walking un-
derwater compared to on land [22,23]. On the other hand, a similar set of muscle synergies
has been observed in both land and water walking [24]. Thus, training gait underwater may
induce force production and muscle activation patterns that could influence gait on land.

More recently, a study analyzed the gait kinetics of individuals with PD in comparison
with healthy individuals during walking and obstacle crossing, both with and without
the use of virtual reality [25]. They observed a difference between groups regarding the
maximum joint moments, especially in the sagittal plane, and also that virtual reality
influenced the kinetics of both groups. Therefore, joint moments in PD might bring
valuable information.
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Given this scenario, this study aims to analyze the evolution of gait biomechanics
throughout a long-term exercise program conducted in water and on dry land. We hypoth-
esize that angular kinematics and kinetics will exhibit changes across time, related to a
more functional gait.

Usually, studies on gait biomechanics in PD investigate the behavior of discrete
parameters such as maximum, minimum, or average values during the step, stride, or
some gait phase [26]. To provide a more comprehensive view of the phenomenon, we
decided not to compare discretized values, but rather the entire trajectories of kinematic
and kinetic variables along the stride. To do so, we employed the statistical parametric
mapping (SPM) analysis [27], which also reduces the risk of bias introduced by the choice
of specific discrete parameters.

2. Materials and Methods

This is a longitudinal interventional cohort study conducted over nine months during
which individuals with Parkinson’s disease participated in a physical exercise program.

This study spanned over nine months and included assessment and intervention
sessions, as depicted in Figure 1.

Figure 1. Timeline of exercise programs and assessments. Abbreviations: Pre AE, Post AE, Pre
LE, and Post LE stand for assessment sessions, pre-aquatic exercise, post-aquatic exercise, pre-land
exercise, and post-land exercise, respectively; 3D GA, three-dimensional gait analysis; UPDRS,
Unified Parkinson’s Disease Rating Scale; and MMSE, Mini-Mental State Examination.

To ensure assessments and interventions were conducted during the “on” phase of
medication, all sessions took place 1 to 2 h after taking dopaminergic medication. The
assessment sessions were scheduled to match each participant’s usual medication routine.
Since the exercise sessions were conducted in groups, some participants had to make minor
adjustments to their medication schedules, with the counseling of their physicians.

2.1. Participants

Nineteen individuals diagnosed with Parkinson’s disease were initially recruited from
the local association, the Parkinson Paraná Association. Four subjects withdrew from this
study during the intervention phase, and one subject was excluded from the statistical
analysis due to corrupted biomechanical data. We have conducted a complete-case analysis,
i.e., only data from 14 participants with Parkinson’s disease (9 men) were analyzed.

The participants’ average age, height, and weight were 65.6 ± 12.1 years, 165.4 ± 9.6 cm,
and 70.5 ± 10.9 kg, respectively. The average score on the modified Hoehn and Yahr
(H&Y) scale was 2.8 ± 1.1, with 8 participants classified in stages I–II and 6 in stages III–IV.
The average score on the Unified Parkinson’s Disease Rating Scale (UPDRS) part III was
14.4 ± 6.1 points, and on the Mini-Mental State Examination, it was 27.1.

This study’s inclusion criteria were a confirmed diagnosis of idiopathic Parkinson’s
disease, an age between 40 and 90, the ability to walk unassisted, a Mini-Mental State
Examination score equal to or above 20, and medical clearance to engage in physical
exercise both on land and in a heated pool. Additionally, participants were required to
maintain their regular physical activity unchanged throughout the study duration.
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Exclusion criteria included the presence of other neurological conditions that affect
gait or cognitive function, adjustments in the dosage of Parkinson’s disease medications
during the study period, and failure to attend assessment sessions or participate in more
than 10% of the exercise program sessions.

2.2. Assessment Sessions—Data Collection

Assessment sessions included the administration of clinical scales and the collection
of biomechanical data.

Clinical scales included the Mini-Mental State Examination, part III of the Unified
Parkinson’s Disease Rating Scale (UPDRS) [28], and the modified Hoehn and Yahr (H&Y)
scale [29].

Biomechanical data were collected using a 3D motion tracking system equipped
with eleven infrared cameras (Vicon Motion System Ltd., Oxford, UK) and a force plate
(Advanced Mechanical Technology Inc., Watertown, USA). Fifteen reflective markers
were positioned on anatomical landmarks in accordance with the plug-in gait lower body
model [30].

Participants were instructed to walk along a 9 m pathway at a self-selected speed.
Each session consisted of one trial of walking back and forth along the pathway for
familiarization, followed by at least ten recording trials. Participants could take breaks
during the session if needed to prevent fatigue.

The markers were sampled at 100 Hz, while the ground reaction forces (GRFs) were
sampled at 1000 Hz. The Vicon Nexus® 2.5 software was used for raw data acquisition,
as well as for the calculation of joint angles and moments. At least three gait cycles were
analyzed for each participant and limb. After conducting consistency analyses, data from
one stride of the most compromised lower limb and one stride of the least compromised
lower limb for each subject were selected for further analysis of gait variables. We defined
the most compromised limb as the one that first exhibited symptoms of the disease.

Customized signal processing scripts were developed in MATLAB R2018a (The Math-
works Inc., Natick, MA, USA) for filtering using a fourth-order zero-lag Butterworth
low-pass filter with a 6 Hz cut-off frequency and time normalization to 100% gait cy-
cle. Joint moments (measured in Nm) were normalized to the participant’s body mass
(measured in kilograms).

2.3. Exercise Programs

Before starting the 12-week aquatic exercise (AE) program, the volunteers participated
in two sessions to familiarize themselves with the environment. The water temperature
was kept at approximately 33 ◦C. Following a 12-week retention period, participants began
the 12-week land environment (LE) program. The sessions took place twice a week in both
environments and lasted about 50 min.

The choice of 12-week interventions was based on the findings of Carroll et al. [31],
and the idea of including both water and land exercises stemmed from clinical practice,
where exercises are seldom performed solely in the AE. They typically co-occur in both
environments or sequentially in alternating environments, as in this study.

The duration of the retention period was chosen to match that of the exercise programs.
During that time, participants were instructed not to enroll in any other exercise programs
or physical activities, except those they were already enrolled in during the intervention
period. They were also instructed to maintain their habitual medication regimen. This was
monitored through self-report and confirmed during follow-up contacts.

The exercise program was designed in accordance with GRADE recommendations for
the core domains of gait and balance, as outlined in the European PD Guidelines [14]. Its
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structure and content were aligned with multidimensional physical therapy recommenda-
tions for improving gait and balance in individuals with Parkinson’s disease [12].

It encompassed multimodal exercises to maximize intervention effects. Each session
included a warm-up, strength and power training exercises for the lower limbs, balance
training, and a cool-down (Ai Chi or Tai Chi Chuan). We provide a brief overview of the
program in the following paragraphs, and more details can be found in [32,33].

The warm-up in AE and LE included walking combined with coordinated movements
of the upper limbs, trunk, and head. These were performed in various directions and at
different speeds, incorporating turns, squats, skipping, and running. It involved walking
forward, backward, and sideways at a comfortable pace, as well as performing hip and
knee flexion with alternating lower limbs while rotating the trunk, using a kickboard
(in AE) or a stick (in AE). Participants also ran or walked as fast as possible. Different
instructions were provided in each environment to ensure proper movement execution.
The warm-up lasted about 10 min.

The strength and power training was based on the protocol of Kanitz et al. [34] and
consisted of kicks executed in the directions of hip and knee flexion/extension, as well
as hip adduction/abduction. It progressed over the weeks by gradually increasing load,
movement speed, number of repetitions, quality of execution, and overall difficulty [14].
During the first four weeks, the exercises in AE and LE consisted of two repetitions of 20
s of knee flexion–extension and hip abduction–adduction with each lower limb, without
external resistance. From the 5th to the 8th week, the protocol progressed to three repetitions
with external resistance provided by flotation devices and elastic bands in AE and LE,
respectively. In the last four weeks, the protocol advanced to four 15 s repetitions with a 1
min and 30 s rest interval between them. Participants were always instructed to perform as
many kicks as possible within the allotted time, aiming for the largest possible range of
motion. The intensity of each repetition was monitored using the Borg Rating of Perceived
Exertion Scale—CR20. The participants were instructed to report their perceived effort
during the rest intervals between repetitions. For this study, the target intensity range
was set between 13 and 17 points, corresponding approximately to 66% and 80% of the
maximum voluntary force output, respectively, as recommended by the American College
of Sports Medicine [35,36]. Verbal incentives were provided accordingly to maintain the
target intensity.

Balance exercises consisted of walking with reduced base of support, maintaining
challenging postures (e.g., far-reaching in unipodal support, standing on an unstable
surface such as trampolines), and other motor tasks requiring postural control. New
balance tasks were introduced every four weeks to increase complexity progressively,
reduce reliance on upper limb support, and further narrow the base of support.

The cool-down consisted of Ai Chi or Tai Chi Chuan exercises in AE or LE, respectively.
The Ai Chi exercises involve concentrating on breathing and performing slow movements
of elevation of MMII, floating, and simply remaining calm, contemplating [37]. The Tai Chi
Chuan movements were Wuchi/Tai Chi Opening, Carelessly Rolling Up the Sleeves, Open
and Close the Hands, Single Whip, and Cloud Hands [38].

To ensure standardization of the exercise protocol across participants, the sessions
were delivered to groups of participants by the same team of trained instructors throughout
the programs.

2.4. Statistical Analyses

To compare spatiotemporal parameters across assessments, we employed a two-way
repeated measures ANOVA. Normality distribution was assessed using the Shapiro–Wilk
test and sphericity with the Mauchly test. In cases where sphericity was violated, a
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Greenhouse–Geisser correction was applied. Post hoc pairwise comparisons between
assessments were conducted using the Bonferroni test. These statistical analyses were
conducted using IBM SPSS Statistics (version 20), with statistical significance set at p < 0.05.
Effect sizes were determined using partial eta squared (ηp2) and Cohen’s d, with ηp2 values
classified as small (<0.06), moderate (>0.06 to 0.14), and large (>0.14) following Cohen’s
guidelines [32] and Cohen’s, as small (<0.2), moderate (>0.2 to 0.5), medium (>0.5 to 0.8),
and large (>0.8) [39]. The power (1-β) was estimated using the software G*Power v3.1.9.7,
with the following settings: test family, ANOVA repeated measures within factors; type of
power analysis, post hoc; effect size as in SPSS v.20; total sample size, 14; number of groups,
1; number of measurements, 4; and non-sphericity correction, 1.

To compare joint kinetics and kinematics trajectories across assessments and between
limbs, we employed one-dimensional statistical parametric mapping (SPM) analysis [27,40].

We chose SPM because it enables us to compare the whole trajectories, thereby avoid-
ing possible bias introduced by the choice of one or another discretized measure. Moreover,
SMP allows for identifying the periods in time where trajectories might differ, and not only
if they differ or not.

The method consists of generating a statistical parametric map by computing univari-
ate F- or t-statistics at each point of the trajectories, namely SPM{F}, SPM{t}, or SnPM{t} for
the ANOVA, parametric t-test, or non-parametric t-test, respectively [27]. Subsequently,
random field theory is used to estimate the critical threshold above which only a percentage
(e.g., 5% for α = 0.05) of random data is expected to exceed.

We conducted SPM analysis in MATLAB R2018a (The Mathworks Inc., Natick, MA,
USA) using the open-source SPM1d code version M.0.4.7 (https://spm1d.org/) (accessed
on 15 July 2025). We used the function “spm1d.stats.anova2onerm” to conduct a two-
way ANOVA with two factors—limb and assessment—with repeated measures on factor
assessment, and the function “spm.inference” with the significance level set to 0.05 to
define the threshold in SPM{F}.

When ANOVA indicated significant differences, we used parametric or non-parametric
paired t-tests to compare the assessments pairwise using the functions “spm1d.stats.ttest_paired”
or “spm1d.stats.nonparam.ttest_paired”, respectively, and the function “spm.inference” with
significance threshold set to 0.008 to account for the Bonferroni correction. This significance level
is the ratio of α = 0.05 divided by six, corresponding to the number of pairwise comparisons.

3. Results

The spatiotemporal parameters are presented in Table 1.

Table 1. Comparison of the spatiotemporal variables across assessments. Values are expressed as
mean ± standard deviation; the p-values from the post hoc test are indicated along with Cohen’s d
effect size when there was statistical significance.

Aquatic Exercise Program Land Exercise Program Whole Program (AE, Follow Up, LE)
Condition Pre AE Post AE p-Value

Cohen’s d
Pre LE Post LE p-Value

Cohen’s d
Pre AE Post LE p-Value

Cohen’s d

Gait Speed (m/s) 1.0 ± 0.2 1.1 ± 0.1 p = 0.30 1.1 ± 0.2 1.2 ± 0.2 p = 0.11 1.0 ± 0.2 1.2 ± 0.2 p = 0.02 *
d = 0.71

Cadence
(steps/
min)

108.7 ±
10.3 108.1 ± 6.3 p = 0.78 110.4 ± 8.5 114.9±10.0 p < 0.01 *

d = 0.48 108.7 ± 10.3 114.9 ± 10.0 p < 0.01 *
d = 0.61

Stride Length (cm) 1.1 ± 0.2 1.2 ± 0.1 p = 0.97 1.2 ± 0.1 1.2 ± 0.2 p = 0.87 1.13±0.16 1.21±0.16 p = 0.07

Swing Time (%) 38.0 ± 2.7 38.0 ± 2.4 p = 0.97 37.7 ± 2.5 38.7 ± 2.9 p = 0.03 *
d = 0.37 38.0 ± 2.7 38.7 ± 2.9 p = 0.21

Double Support
(%) 25.0 ± 3.5 23.9 ± 3.1 p = 0.20 24.0 ± 3.5 23.0 ± 3.6 p = 0.03 *

d = 0.29 25.0 ± 3.5 23.0 ± 3.6 p < 0.01 *
d = 0.56

Abbreviations: Pre AE, pre-aquatic exercise assessment; Post AE, post-aquatic exercise assessment; Pre LE,
pre-land exercise assessment; Post LE, post-land exercise assessment. (*) indicates statistical significance.
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After the entire observation period, walking speed increased significantly [F (1, 13) = 6.11,
p = 0.02, ηp2 = 0.32, (1-β) = 0.33]. Post-LE assessments revealed significant increases in
cadence [F (1, 13) = 22.97, p < 0.01, ηp2 = 0.63, (1-β) = 0.71], which were sustained throughout
subsequent assessments [F (1, 13) = 9.58, p < 0.01, ηp2 = 0.42, (1-β) = 0.28]. Swing time
also significantly improved in the post-LE phase [F (1, 13) = 5.33, p = 0.03, ηp2 = 0.29,
(1-β) = 0.20]. Double support time showed improvement post-LE [F (1, 13) = 5.65, p = 0.03,
ηp2 = 0.30, (1-β) = 21], and throughout the entire program duration [F (1, 13) = 10.2, p < 0.01,
ηp2 = 0.44, (1-β) = 0.32]. However, there were no significant differences between the post-LE
and pre-AE assessments for the other spatiotemporal variables.

The two-way ANOVA with statistical parametric mapping (SPM) analysis indicated
no significant difference between limbs regarding angle kinetics (Figure 2, Main Factor
A) or kinematics (Figure 3, Main Factor A). However, differences were observed across
assessments for all joints concerning kinetics (Figure 2, Main Factor B) and kinematics
(Figure 3, Main Factor B).

Hip Knee Ankle

Figure 2. Results of the SPM two-way repeated measures ANOVA for hip, knee, and ankle joint
moments. Main A: main factor A corresponds to the most and least compromised lower limbs; Main
B: main factor B corresponds to assessments (Pre AE, Post AE, Pre LE, and Post LE). Grey areas
above or below the red dotted lines indicate a significant difference (p < 0.05). Abbreviations: Pre AE,
pre-aquatic exercise assessment; Post AE, post-aquatic exercise assessment; Pre LE, pre-land exercise
assessment; Post LE, post-land exercise assessment.

Hip Knee Ankle

Figure 3. Result of the SPM two-way repeated measures ANOVA analysis for hip, knee, and ankle
joint angles. Main A: main factor A corresponds to the most and least compromised lower limbs;
Main B: main factor B corresponds to assessments (Pre AE, Post AE, Pre LE, and Post LE). Grey areas
above or below the red dotted lines indicate a significant difference (p < 0.05). Abbreviations: Pre AE,
pre-aquatic exercise assessment; Post AE, post-aquatic exercise assessment; Pre LE, pre-land exercise
assessment; Post LE, post-land exercise assessment.
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The SPM analysis revealed a difference only between pre-AE and post-LE. Figures 4 and 5
illustrate the trajectories of joint kinetics and kinematics before AE and after LE, along with the
t-values calculated via SPM.

Figure 4. Hip, knee, and ankle joint moments in Pre AE and Post LE assessments. In the three left
panels, the black lines correspond to the average of Pre AE trajectories, while the red lines represent
Post LE; shaded areas indicate the standard deviation. Positive moment values indicate extension and
plantarflexion moments, while negative values denote flexion and dorsiflexion moments. In the three
right panels, the black lines correspond to the SPM or SnPM calculated t-value, and t* is the critical
threshold. Grey areas above or below the red dotted lines indicate a significant difference (p < 0.008).
Abbreviations: Pre AE, pre-aquatic exercise assessment; Post LE, post-land exercise assessment.
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Figure 5. Hip, knee, and ankle joint angles in Pre AE and Post LE assessments. In the three left panels,
the black lines correspond to the average of Pre AE trajectories, while the red lines correspond to
Post LE; shaded areas represent the standard deviation; positive angle values indicate flexion and
dorsiflexion, whereas negative values represent extension and plantarflexion angles. In the three right
panels, black lines represent the SPM or SnPM calculated t-value, and t* is the critical threshold. Grey
areas above or below the red dotted lines indicate a significant difference (p < 0.008). Abbreviations:
Pre AE, pre-aquatic exercise assessment; Post LE, post-land exercise assessment.

4. Discussion

In this study, we investigated biomechanical changes in the gait of individuals with
Parkinson’s disease (PD) over nine months while they participated in a multimodal exercise
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program in both aquatic and land environments. Following training in both environments,
we observed changes in spatiotemporal, kinematic, and kinetic gait parameters.

A spatiotemporal reorganization of gait was evident, characterized by a decrease in
double support time and an increase in cadence (see Table 1). There was a significant
increase in gait speed following land-based exercise (post-LE) with an effect size classified
as medium. Also, the observed change is larger than the moderate clinically meaningful
difference in gait speed among individuals with PD in the on-medication state, which is
0.14 m/s [41]. The observed reduction in double support time might indicate enhanced
postural control, as the center of mass remains within the base of support primarily during
the double support phase of the gait cycle [42]. Notably, the decrease in stride length did
not compensate for the increase in cadence. This observation is significant, given that a
reduction in step length associated with increased cadence is characteristic of natural PD
progression [43].

Gait speed consistently increased throughout the study, even during the retention
period, which is unexpected in a neurodegenerative disease like PD. This may be attributed
to the development of new motor strategies prompted by aquatic exercises. In fact, Volpe
et al. [6] found differences in muscle activation among PD participants even several days
after discontinuing underwater training activities. Moreover, recent research suggests that
shared muscle synergies across different motor tasks maximize the generalization of motor
learning effects [24]. Thus, our results hint at the transfer of skills from water to land
environments. Future studies could examine this issue by analyzing kinematic, kinetic, or
muscle activity patterns and identifying synergies.

Joint moments change significantly from pre-AE to post-LE (Figure 4). The knee
flexor moment increases, associated with the eccentric contraction of the knee extensors
to control weight acceptance [44]. The ankle moment shifts towards a dorsiflexor curve,
indicating improved plantar flexion control after heel contact and better weight absorption
in post-LE. The increased hip and knee extensor moments during the loading response
relate to anterior trunk acceleration control due to the rapid body weight transfer onto the
foot [45].

Due to the action of bi-articular muscles, joint moments influence adjacent segments.
Therefore, changes in the hip moment are expected to occur concurrently with changes
in the knee and ankle moments, as observed here. Considering the bi-articular nature
of the rectus femoris, which spans both the hip and knee, coordinated improvements
in hip and knee extensor moments—previously described by Winter [46] as part of a
synergistic pattern—are expected. Such changes can also be influenced by improved motor
unit recruitment, reduced co-contraction, and more efficient timing of muscle activation,
all of which contribute to increased net joint torque production. Therefore, the observed
improvements in gait cadence and velocity are likely the result of integrated neuromuscular
and biomechanical enhancements, rather than isolated strength gains. However, as we did
not use any other form of assessment, such as electromyography, we cannot categorically
state that this was the mechanism underlying the observation.

During the mid and terminal stance phases, the hip flexor moment gradually increased,
peaking at approximately 50% of the gait cycle (see Figure 4). In pre-AE, the knee exhibited
a flexor moment throughout the stance phase. However, in post-LE, this pattern shifted
towards a trajectory like that of healthy individuals, characterized by a double extension
curve, with the peak of the extensor moment occurring at mid-stance [44]. This increase in
hip flexion and knee extension moments may suggest improved alignment of the ground
reaction vector, facilitating lower limb extension. In individuals with PD, this alignment
may be associated with reduced energy consumption, as improved positioning and higher
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moments can help spare muscles from generating unnecessary contractions. To validate
these hypotheses, future studies should analyze the ground reaction forces.

The ankle exhibited a reduced plantar flexor moment throughout the stance phase,
including its peak value during the terminal stance/pre-swing post-LE (see Figure 4). This
appears unexpected at first glance because the increase in velocity requires a larger impulse
at foot-off. Our explanation is that subjects increased the knee extension moment to enhance
the impulse without increasing the ankle plantarflexion moment. It is well-documented
that the ankle is the most affected joint by kinematic and kinetic deficits in PD [10] and that
individuals with PD generate less ankle power during the terminal stance phase than their
healthy counterparts [9]. Moreover, Skinner et al. [47] reported that people with PD have a
diminished capacity to produce ankle joint moments, forcing the adoption of alternative
control strategies. We believe this is what occurred with the individuals in this study.

This compensatory mechanism aligns with previous findings in the literature. For
instance, a recent treadmill-based study in individuals with PD demonstrated that, al-
though dopaminergic medication increased gait speed and propulsion, improvements in
joint torque occurred primarily at the hip, while ankle plantarflexion moments remained
unchanged [48]. Similarly, Albani et al. [9] reported reduced ankle power in individuals
with PD walking at their preferred speed, suggesting that distal musculature contributes
less to propulsion under dopaminergic deficits. These observations support the hypothesis
that, when ankle push-off capacity is compromised, individuals with PD increasingly rely
on proximal joints—particularly the hip and knee—to maintain gait velocity. A similar re-
distribution of joint kinetics has been reported in healthy older adults [8,49]. Those authors
emphasize that increased torque generation at proximal joints may relieve the ankle of its
mechanical demands. Taken together, this body of evidence reinforces the interpretation
that the reduction in ankle plantarflexor moment observed in this study—despite increased
walking speed—reflects a proximal compensation strategy rather than a contradiction of
expected gait mechanics.

In the terminal swing phase, a significantly higher knee flexor moment is observed
post-LE (see Figure 4). This increase leads to typical values, as reported by Sloot et al. [44],
and may be associated with the eccentric contraction of knee flexors, which decelerates the
knee and prepares for ground contact [45].

Regarding the kinematics (Figure 5), significant increases in hip and knee peak flexion
are observed post-LE during the initial swing phase. The coordinated movement of these
joints facilitates the swing phase, enhancing foot clearance. Significantly, this increase
in peak flexion during the initial swing phase does not interfere with the extension of
either joint. This observation is significant given the tendency in PD to exhibit increased
lower limb and trunk flexor patterns [50]. Furthermore, the ankle angle trajectory has
shifted towards lower values throughout the entire stride, coming closer to normal gait.
It is well-known that PD gait typically shows increased ankle dorsiflexion compared to
normal [9,51]. After nine months, dorsiflexion at foot strike was absent. Across the entire
stride, dorsiflexion was reduced, while plantarflexion was increased.

It is important to emphasize that this is an interventional cohort study, without a
control group, which is a significant limitation. As such, it is not possible to attribute the
observed changes solely to the exercise program. Results could be attributable to confound-
ing factors, such as the natural progression of the disease or placebo effects. However, it is
worth noticing that our results contrast with the expected decline in spatiotemporal vari-
ables as Parkinson’s disease progresses. It is well known that, over the years, Parkinson’s
disease leads to a reduction in step length, with an increase in double support phase and
cadence, resulting in shorter and more frequent step exchanges [1,43].
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A key limitation of this study is its small sample size, especially due to the loss of
five participants. As a result, the statistical power is limited. Additionally, the dropout
of participants might have introduced bias, since those who remained could be more
motivated or more concerned about their health.

Additionally, they were all recruited from the same Parkinson’s Association, which
might have introduced some bias, as those who participate in such institutions could be
more motivated and in better overall health than those who do not. We recognize that these
factors reduce the external validity of the study. On the other hand, participants’ involve-
ment in the same PD association facilitated consistent communication and monitoring,
which likely supported adherence to the study guidelines.

Despite the study design and sample limitations, we consider our results valuable,
given the burden of PD on healthcare systems. Families and patients also suffer from the
hopelessness of a degenerative disease. The exercise protocols are sound and based on
recognized international guidelines. Therefore, we recommend that future studies with
more robust designs, such as multicentric randomized clinical trials or action observation
therapy with one or both exercise protocols, be conducted. The challenges of standardizing
the therapy across centers could be addressed using tele-rehabilitation strategies [52].
Moreover, the biomechanical evaluation could be performed in clinical settings using
markerless motion capture systems [53].

Regarding biomechanical data, we have not analyzed ground reaction forces (GRFs)
in this study. Although we recognize its importance, we believe it would not add much
information, as our focus was on joint moments. Since the moments were calculated
using Nexus software, we do not have the exact equations from it. Thus, establishing a
mechanistic relationship between GRFs and the moments would not be possible anyway.
Future studies could address this limitation through biomechanical and musculoskeletal
modeling [53,54]. Incorporating musculoskeletal modeling would help in understanding
the underlying mechanisms of the observed biomechanical changes and provide insights
for developing motion strategies such as those in [54].

In summary, despite this study’s limitations, our findings collectively suggest ben-
eficial changes in gait biomechanics, as hypothesized. Thus, encouraging future studies
with more robust designs, adding other measures such as EMG, using markerless motion
tracking, and incorporating musculoskeletal modeling.

5. Conclusions

Changes in spatiotemporal parameters, kinetics, and gait kinematics occurred follow-
ing the nine months of intervention. Walking speed increased, while the duration of the
double support phase decreased. Additionally, the knee extensor moment consistently
increased throughout the interval from midstance to midswing (20% to 70% of the stride
period), approaching standard gait patterns. Significant increases were also observed in
both hip and knee peak flexion angles. Furthermore, the abnormal ankle dorsiflexion
observed at foot strike disappeared.
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Abstract: In the quotidian, people perform voluntary whole-body movements requiring dynamic
body balance. However, the literature is scarce of dynamic balance evaluations employing standard-
ized voluntary movements. In this investigation, we aimed to analyze the sensitivity of balance
evaluation between gymnasts and athletes from other sports in the performance of balance tasks.
Participants were evaluated in upright quiet standing and the performance of cyclic dynamic tasks
of hip flexion-extension and squat-lift movements. Movements were individually standardized in
amplitude, while the rhythm was externally paced at the frequency of 0.5 Hz. Tasks were performed
on a force plate, with dynamic balance measured through the center of pressure displacement. Results
showed that in quiet standing and the dynamic hip flexion-extension task, no significant differences
were found between the groups. Conversely, results for the squat-lift task revealed a better balance
of the gymnasts over controls, as indicated by the reduced amplitude and velocity of the center of
pressure displacement during the task execution. The superior balance performance of gymnasts
in the squat-lift task was also observed when vision was suppressed. These findings suggest the
employed squat-lift task protocol is a potentially sensitive procedure for the evaluation of voluntary
dynamic balance.

Keywords: equilibrium; evaluation; young; center of pressure; protocol

1. Introduction

Much of the current knowledge on balance control has been acquired through the
assessment of quiet standing, characterized by keeping an upright motionless stance. On
the other hand, our daily living activities are characterized by dynamic balance, with the
maintenance of stance while performing voluntary movements with the trunk and limbs,
like standing up from a chair or in manual reaching. Investigation of dynamic balance has
recently attracted scientific interest ([1], for a review), with research aiming at developing
reliable and valid evaluation protocols (cf. [2]). In functional or clinical assessment, Y-
balance [3], star excursion [4], and timed up-and-go [5] tests have been employed as proxy
measurements of dynamic balance. Performance on the Y-balance and star excursion
tests is measured through the maximum distance one can move a single foot in different
directions over the ground in unipedal stance. Beyond requiring dynamic balance,
performance on these tests has been shown to be affected by joints’ range of motion [6,7]
and strength of hip extensor muscles [4]. The timed up-and-go test is evaluated through
the completion time to stand up from a chair, walk 3 m straightforwardly, return to the
chair, and sit down. Performance on this test is mainly affected by the legs’ muscular
power [8]. Thus, as these tests are affected by different confounding factors, the respective
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measurements based on range of motion or completion time could not be taken as faithful
indexes of dynamic balance.

An alternative to achieve accurate and valid measurements of dynamic balance is
employing biomechanical assessments of body stability when moving, as indexed by
different variables related to the center of mass or the center of pressure displacement.
The prevalent research strategy for a biomechanical analysis of dynamic balance has
been assessing reactive responses to intrinsic or extrinsic perturbations to stance. Some
variations of this experimental strategy include the following: (a) reacting to unexpected
translations [9] or rotations [10] of the support base, (b) recovering balance after the
release of a load attached to the trunk leading to fast body sway [11], balancing on (c) a
continuously moving platform [12] or (d) on an unstable support board [13]. Whereas
objective biomechanical measurements have provided valid and reliable assessments in
these reactive balance tasks (cf. [9]), results are task-specific, with a lack of association with
balance measurements either in quiet standing [9,14] or with voluntary movements [15]. In
the study by Ringhof and Stein [15], in particular, gymnasts and swimmers were compared
on three balance tasks, requiring balance recovery from self-perturbations induced by an
unstable support base or by a mechanically provoked fast forward body sway, in addition
to a voluntary task of one-leg landing after short horizontal jumping. Results showed that
the expected higher balance performance of the gymnasts over swimmers was found only
in the voluntary landing task, while in the reactive balance tasks, performance was found
to be equivalent between the two groups. From these findings, it seems that task-specific
measurements are required for an accurate evaluation of voluntary dynamic balance.

One of the experimental strategies employed to evaluate the effect of prior experience
on balance control involves comparing athletes from different sports. These athletes are
exposed to varying balance demands during their routine training sessions. A literature
review has shown that athletes have greater balance stability than non-athletes and high-level
athletes have better balance control than low-level athletes [16]. Gymnasts (gymnastics is a
type of sport that involves physical exercises requiring balance, strength, flexibility, agility,
coordination, artistry, and endurance. Gymnasts often perform controlled movements on
special equipment, such as bars, beams, and mats) and, in particular, have been found to
develop high balance skills compared with athletes from several other sports [17]. Further
research has supported the notion that gymnasts have increased balance in comparison with
individuals regularly exposed to less demanding balance tasks. For instance, Davlin [18]
compared high-level gymnasts, soccer players, and swimmers, having non-athletes as controls,
in a dynamic balance task of standing on a stabilometer. Results revealed that gymnasts had
higher balance stability than all other groups. Gymnasts and experts in other sports were
compared in balance tasks with different difficulty levels, ranging from full vision in a bipedal
stance on a rigid surface to unipedal standing on a malleable surface with visual occlusion [19].
Results indicated that gymnasts had higher balance stability in the more challenging balance
tasks represented by no vision and distorted somesthetic information from the feet soles
due to the malleable surface. This result suggests that the increased balance proficiency of
gymnasts can be detected in more challenging tasks, like those involving sensory manipulation.
Vuillerme and Nougier [20] assessed attentional demands between expert gymnasts and
expert performers in other non-gymnastic sports in the manual task of responding as quickly
as possible to an unpredictable auditory stimulus. The manual task was performed while
standing with different balance demands, including manipulation of area and malleability
of the support base. Results revealed lower attentional demands in the gymnasts than in
controls during the challenging unipedal stance. This finding can be interpreted as indicating
increased gymnasts’ automaticity in regulating the required anticipatory balance adjustments
to prevent stance perturbations potentially induced by the voluntary movement (for further
evidence of improved balance control in gymnasts, see [21–23]). From the reviewed results,
one can assume that gymnasts represent an appropriate reference for testing probing tasks for
the evaluation of voluntary dynamic balance.
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A critical point for the appropriate evaluation of voluntary dynamic balance is setting
test constraints to achieve similar movements across individuals during the evaluation.
Movements performed with different amplitudes or rhythms can affect objective measure-
ments of balance stability, imposing difficulties in the interpretation of balance control. A
preliminary attempt to standardize voluntary movements for the evaluation of dynamic
balance was made by Bueno et al. [24]. The task consisted of performing cyclic hip flexions
and extensions, so that the hip was flexed at about 45 degrees at the extreme position,
assuming then the upright posture at the end of the cycle. Movements were standardized
in amplitude, while the rhythm of the repeated movements was paced through beeps
emitted by a metronome at regular intervals. Another potential task for the evaluation of
dynamic balance is the cyclic sit-to-stand task. Research has shown that the completion
time to perform the functional five times sit-to-stand test [25] is importantly affected by
dynamic balance [26–29]. From these findings, both cyclic hip flexion extension and sit-
to-stand movements can be conceived to be potential candidates for a reliable assessment
of voluntary dynamic balance. In the current investigation, we had as the primary aim to
test the sensibility of tasks requiring cyclic hip flexion-extension and squat-lift (similar to
sit-to-stand movements) for assessment of voluntary dynamic balance, comparing groups
of gymnasts and non-gymnasts. The underlying rationale for this comparison is that if
the tasks provide a sensitive and reliable evaluation of voluntary dynamic balance, the ex-
pected increased balance control of gymnasts should be reflected in objective measurements
of body stability. As the secondary aim, we tested the extent to which visual occlusion
affects voluntary dynamic balance.

2. Materials and Methods

2.1. Participants

Male athletes from gymnastics (n = 9) and from other sports (n = 10) participated in
this study. The gymnasts were high-level athletes at the adult national level, with 3 of them
making part of the national team. They trained in the sport for at least 5 consecutive years,
with the most experienced athlete accumulating 20 years of training. At the time of testing,
they were training with an average frequency of 6 times per week, completing 24–48 h of
training per week across participants. The comparison group was composed of athletes
from different sports, as follows: soccer (n = 3), rugby (n = 3), squash (n = 1), basketball
(n = 2), and athletics (n = 1). Participants of this comparison group had a minimum of
5 years of practice in the trained sport, training with frequencies of 3–5 times per week.
Table 1 shows participants’ descriptive information separately for each group. In addition
to expertise in the trained sport, the inclusion criteria were the absence of lower limb
injuries at the time of testing; no participants were excluded. A post hoc estimation of
the power of the sample size was made through G*Power (Heinrich-Heine-Universität
Düsseldorf, Düsseldorf, Germany; http://www.gpower.hhu.de/, (accessed on 17 May
2024)) for repeated measures, within-between group by vision interaction, effect size = 0.25,
α = 0.05. The result indicated a power of 0.70 for our sample size.

Table 1. Age, anthropometric data, and training times separately by group.

Gymnasts Other Athletes

Age (years) 20.44 (4.33) 22.7 (2.67)
Weight (Kg) 64.26 (7.41) 80.10 (12.38)
Height (cm) 167.67 (4.36) 178.80 (7.19)

Weekly training (h) 32.11 (5.27) 6.10 (5.57)
Weekly frequency (days) 6.00 (0) 4.20 (1.03)
Total practice time (years) 11.33 (7.82) 6.00 (2.02)

Means and standard deviations (in parenthesis).
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2.2. Ethics

Participants provided written informed consent. The research procedures were ap-
proved by the local university ethics committee, following the principles outlined in the
Declaration of Helsinki (approval code: CAAE: 85093718.2.0000.5391).

2.3. Tasks, Equipment and Procedures

Balance control was tested in bipedal support, barefoot, keeping the feet hip-width
apart with the feet orientated forward in parallel on a force platform (Advanced Mechanical
Technology, Inc., model OR6-6, Watertown, MA, USA). Tasks were performed barefoot over a
force plate. The evaluation protocol consisted of three tasks, as presented in the following.

(a) Quiet standing. Maintenance of quiet standing, aiming to sustain the motionless
upright posture for 30 s (cf. [30]).

(b) Cyclic hip flexion and extension. The initial position was an upright stance with
the arms hanging relaxed beside the trunk. The task consisted of performing cyclic hip
flexion and extension movements in coordination with shoulder extensions and flexions. In
the flexion phase, the hip was flexed about 45 degrees (absolute vertical angle), leaning the
trunk forward, while both shoulders were extended up to the arms reaching the horizontal
orientation. In the hip extension phase, the reverse movements were performed, with hip
extension and shoulder flexion, up to reaching an upright posture with the arms positioned
beside the trunk. To favor the reproducibility of movement amplitude, a spatial marker was
set individually in front of the participant, at the top of a tripod, at the appropriate height
for reaching the specified hip flexion-extension range of motion (Figure 1A,B) (cf. [24]).

Figure 1. Representation of the postures at the onset and end of each movement phase, for the
dynamic balance tasks of hip flexion-extension (A,B) and squat-lift (C,D). The top of the vertical shaft
served as the spatial reference for standardizing movement amplitude.

(c) Cyclic squat-lift movements. This task emulated sit-to-stand movements em-
ployed in functional tests [26,28,31]. The initial position was an upright stance with the
arms crossed over the chest. The range of motion was set at about 90◦ for knee and hip
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flexion-extension movements. In the squat phase, both the hip and knees were flexed
simultaneously, while the trunk was bent forward. A spatial marker was used at the top
of a tripod as a reference for the eye’s height to finish the squat phase at the desired joint
angles. In the lift phase, the reverse movements were performed up to reaching the upright
posture. The arms were maintained crossed over the chest throughout a trial (Figure 1C,D).

Both the hip flexion-extension and squat-lift tasks were paced through an electronic
metronome (BOSS brand, model DB-60), with trials lasting 20 s. Movement frequency was
set at 0.5 Hz, aiming to achieve coincident timing of the end of each movement phase with
the metronome beep.

The quiet standing and dynamic balance tasks were tested in the conditions of eyes
open and eyes closed. Each task by visual condition was probed over three consecutive
trials. Within-task intertrial intervals lasted 15 s, with a 1-min. seated rest interval every
three trials. To prevent the after-effects of the dynamic balance tasks, the quiet standing
balance was evaluated first. The ensuing sequence of the two dynamic tasks was alternated
across participants within the group. For the three tasks, full vision and visual occlusion
were alternated between participants within the group.

Immediately preceding the probing trials, participants were familiarized with the task
to be performed next. Initially, in the dynamic tasks they assumed the correct maximum
hip flexion or squat posture for individually setting the visual marker height and distance.
Then, the respective movements were performed in the due range of motion and rhythm,
with online feedback provided by an examiner based on subjective online visual evaluation.
For the dynamic tasks, the metronome was activated prior to task initiation. This allowed
participants to synchronize from the outset their movements with the specified rhythm. In
the conditions of visual occlusion, participants were instructed to imagine the location of the
visual reference, trying to achieve the specified movement amplitude, and maintaining the
head in the vertical orientation, the same way as in the performance under full vision. The
performance of the probing trials was visually monitored online by a single examiner (the
same across participants). In cases where the performance failed to attend to the required
movement amplitude or rhythm, the trial was immediately interrupted. Following extra
familiarization movements for stabilization of the required movement characteristics, the
testing was reinstated. Interruption occurred in about 2% of trials; no trials were excluded
from the analysis.

2.4. Data Collection and Analysis

Ground reaction force data were sampled at a frequency of 200 Hz. After a preliminary
visual inspection of individual signals, raw data were processed using MATLAB version
2017b routines (MathWorks, Inc., Natick, MA, USA). Data were digitally filtered using a
fourth-order zero-lag Butterworth filter with a cutoff frequency of 10 Hz. The following
dependent variables based on center of pressure (center of pressure is a variable frequently
used to assess postural stability, representing the point in which the resultant ground reaction
force (from the anteroposterior, mediolateral and vertical components) is applied on the
support base to sustain quiet stance or dynamic balance) (CoP) displacement were analyzed:
peak-to-peak amplitude (delta between the highest and lowest values); root mean square
(RMS); and mean velocity. Analyses were conducted separately for the anteroposterior (AP)
and mediolateral (ML) directions. For the dynamic tasks, calculations were made for each
movement cycle, followed by within trial average over cycles. For the quiet standing and
dynamic tasks, variables were calculated for the entire period of task duration. Analysis was
based on means from the three trials for each task by visual condition. As a prerequisite for
parametric analysis, the Shapiro-Wilk test showed normal data distribution. Analysis was
conducted individually for each task through two-way 2 (group: gymnasts X other athletes)
X 2 (vision: eyes open X eyes closed) ANOVAs with repeated measures on the last factor.
Significant effects (p < 0.05) are reported along with the respective effect sizes given by partial
eta squared (ηp

2). Statistical analysis was performed using Statistica software (version 7.0,
Statsoft, Tulsa, OK, USA). The full dataset is available as Supplementary Material.
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3. Results

3.1. Quiet Stance

Figure 2 presents the results of the analysis of CoP displacement amplitude, RMS, and
velocity in the AP (panels A–C) and ML (panels D–F) directions. Analysis of CoP sway in the
AP direction showed significant main effects of vision. The vision effect was due to higher
values for eyes closed compared to eyes open for the three dependent variables: amplitude,
F(1, 17) = 13.66, p < 0.01, ηp

2 = 0.45; RMS, F(1, 17) = 6.54, p = 0.02, ηp
2 = 0.28; and mean

velocity, F(1, 17) = 16.57, p < 0.01, ηp
2 = 0.49 (Figure 2A–C). Analysis of ML CoP sway showed

significant main effects of vision, with higher values for eyes closed compared to eyes open for
RMS, F(1, 17) = 4.71, p = 0.04, ηp

2 = 0.22; and mean velocity, F(1, 17) = 12.88, p < 0.01, ηp
2 = 0.43

(Figure 2D–F). No significant effects related to the group were found for quiet standing.

 

Figure 2. Quiet standing. Comparison between gymnasts and other athletes in the conditions of eyes
open and eyes closed; averages (standard deviation indicated by vertical bars) of CoP amplitude
(peak-to-peak), CoP root mean square (RMS), and CoP mean velocity in the AP (A–C) and ML
(D–F) directions; significant effects of vision are represented by asterisks.
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3.2. Voluntary Dynamic Balance I: Hip Flexion-Extension

Results from CoP analysis for the hip flexion-extension task are presented in Figure 3.
Analysis of AP CoP sway showed significantly higher values for eyes closed than eyes
open for CoP amplitude, F(1, 17) = 11.13, p < 0.01, ηp

2 = 0.40; and CoP mean velocity,
F(1, 17) = 23.00, p < 0.01, ηp

2 = 0.57 (Figure 3A–C). Analysis of CoP sway in the ML direction
revealed higher values for eyes closed than eyes open for the three CoP-related variables,
as follows: amplitude, F(1, 17) = 50.42, p < 0.01, ηp

2 = 0.75; RMS, F(1, 17) = 71.95, p < 0.01,
ηp

2 = 0.81; and mean velocity, F(1, 17) = 57.79, p < 0.01, ηp
2 = 0.77 (Figure 3D–F). No

significant effects related to the group were found for the hip flexion-extension task.

 

Figure 3. Hip flexion-extension task. Comparison between gymnasts and other athletes in the
conditions of eyes open and eyes closed; averages (standard deviation indicated by vertical bars)
of CoP amplitude (peak-to-peak), CoP root mean square (RMS), and CoP mean velocity in the AP
(A–C) and ML (D–F) directions; significant effects of vision are represented by asterisks.
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3.3. Voluntary Dynamic Balance II: Squat-Lift Task

Analysis of CoP sway for the squat-lift task in the AP direction indicated significant
main effects for both the group and vision factors. The group effects were due to lower
CoP values in the gymnasts than the athletes from other sports for the three CoP-related
variables, as follows: amplitude, F(1, 17) = 16.42, p < 0.01, ηp

2 = 0.49; RMS, F(1, 17) = 9.61,
p < 0.01, ηp

2 = 0.36; and mean velocity F(1, 17) = 9.69, p < 0.01, ηp
2 = 0.36. Greater values

for the eyes closed than eyes open were found for CoP sway amplitude F(1, 17) = 6.97,
p = 0.02, ηp

2 = 0.29 (Figure 4A–C). Analysis of CoP sway in the ML direction indicated
significant main effects of vision. Greater values were found in the eyes closed condition
for the three dependent variables, as follows: amplitude, F(1, 17) = 36.12, p < 0.01, ηp

2 =
0.68; RMS, F(1, 17) = 41.73, p < 0.01, ηp

2 = 0.71; and mean velocity, F(1, 17) = 78.48, p < 0.01,
ηp

2 = 0.82 (Figure 4D–F).

 

Figure 4. Squat-lift task. Comparison between gymnasts and other athletes in the conditions of eyes
open and eyes closed; averages (standard deviation indicated by vertical bars) of CoP amplitude (peak-
to-peak), CoP root mean square (RMS), and CoP mean velocity in the AP (A–C) and ML (D–F) directions;
significant effects of vision are represented by black asterisks, while significant effects of group are
represented by white asterisks against a black background at the top left corner of the panels.
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4. Discussion

In the current investigation, we aimed to analyze the sensitivity of balance evaluation
in the performance of quiet standing and two voluntary dynamic tasks by comparing
gymnasts and athletes from other sports. The rationale for this comparison is that the
expected better balance control in voluntary tasks by gymnasts should be reflected in the
performance of tasks with a high demand for voluntary balance. A comparison between the
gymnasts and athletes from other sports showed that dynamic balance was task-specific. In
the quiet standing and the dynamic hip flexion-extension tasks, no significant differences
were found between the gymnasts and the athletes from other sports. Conversely, in the
squat-lift task results revealed the expected better performance of the gymnasts over the
other athletes, as represented by the reduced amplitude and velocity of CoP displacement
during the task execution. Availability of visual information affected the groups similarly,
with an equivalent decline of balance stability between the groups in the eyes closed
compared to the eyes open condition.

4.1. Effect of Visual Deprivation

The effect of deprivation of visual information on body stability is well known in
the control of quiet standing, leading to increased amplitude and velocity of balance
sway as compared to performance under full vision (e.g., [32,33]), as observed in our
results. The effect of vision has also been reported in tasks requiring dynamic balance
on an oscillatory support base, with visual occlusion provoking increased amplitudes of
head and trunk sway in comparison with performance under full vision [34]. Relevance
of visual information has also been shown in reactive balance responses, with visual
occlusion leading to a higher velocity of CoP displacement to recover from an extrinsic
mechanical stance perturbation [35]. In these balance tasks, visual information is thought to
provide a reference of head and trunk stability in space for balance control. In the absence
of vision, other sensory sources like the vestibular apparatus [36], plantar cutaneous
afferents [37], and proprioceptive receptors [38] may be used as feedback sources for
balance control. Our results bring original information on this topic by showing that in
both the voluntary hip flexion-extension and squat-lift dynamic tasks amplitude of AP and
ML CoP displacement were increased when visual information was suppressed. Lack of
vision led to increased CoP velocity in the ML direction for the two dynamic tasks while
affecting AP CoP velocity in the hip flexion-extension task only. A point worth noticing
is that, differently from other balance tasks, in the execution of the dynamic tasks under
examination the head exhibited rapid and continuous movement, encompassing a wide
range of motion. This finding suggests that the visual flow, in the focal and/or peripheral
vision [39], resulting from voluntary head movements can be employed to stabilize dynamic
balance in whole body movements. It seems that the anticipated visual flow resulting
from the voluntary head movements, in association with online proprioceptive and plantar
cutaneous signals, can be used by the central nervous system for balance regulation while
moving. This effect contrasts with the balance perturbation induced by generating a visual
flow through a moving room in a quiet stance [40]. In this regard, it can be assumed that
the ability to use anticipatory visual flow information in conditions of voluntary head
motion is a requirement in our daily living activities, being of paramount importance in
the performance of most sports skills.

4.2. Better Gymnasts’ Balance Control in the Squat-Lift Task

Previous results have shown an effect of task-specificity in the comparison between
reactive balance and quiet posture control [9,14]. Specificity in such balance tasks could be
explained due to their particular requirements. While quiet standing is regulated through
small-scale automatic adjustments to natural body sway, reactive balance responses require
identification of the nature, direction and magnitude of an extrinsic stance perturbation
and then the generation of a specific response to recover balance stability within a short
time interval (cf. [41]). In Ringhof and Stein’s [15] investigation, task-specificity was found
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in gymnasts in a comparison between three tasks, with better gymnasts’ balance being
detected in a voluntary task requiring a one-legged landing after jumping but not in tasks
requiring reactive balance control. While this preliminary study suggested better voluntary
balance control in gymnasts specifically for voluntary balance tasks, this result might be
due to the extensive practice of gymnasts on landing tasks in their ordinary sport training.
Our results revealed that task-specificity can also be seen between two voluntary dynamic
tasks, as indicated by better balance performance in gymnasts in the squat-lift but not in
the hip flexion-extension task (Figure 3A–C vs. Figure 4A–C). This finding suggests that
the squat-lift task was more sensitive to the expected improved voluntary dynamic balance
of gymnasts.

A plausible explanation for the increased sensibility of the squat-lift task for balance
control evaluation is related to its higher demand for interjoint coordination. The hip flexion-
extension task required that the knees were maintained stretched while focal movements
were made mainly at the hip. In this action, the hip had to be simultaneously flexed
and projected backward to keep the center of mass in a stable position over the support
base delimited by the feet support area. This action can be conceived to be relatively
simple and overly automatized in movement control. From this perspective, this finding is
consistent with previous results showing that better performance of gymnasts over other
groups is seen only in tasks imposing higher balance demands given by unipedal stance
and malleable support base [19,20]. On the other hand, the squat-lift task involves more
complex coordination between the simultaneous motions at the hip and knees to generate
the required global movements while preserving balance stability. Our results indicated
that the gymnasts had lower values than the athletes from other sports for amplitude and
velocity in the AP but not in the ML CoP sway direction. Although balance control in the
ML direction has been shown to be associated with performance on the analogous sit-to-
stand task in older individuals [28], our results suggest that balance in the frontal plane is
insensitive to discriminate interindividual differences of balance control. Supposedly, the
demand for symmetric movements between the legs makes the balance demand relatively
low in the ML direction for a young sportsperson. We propose that better results of
gymnasts than the other athletes in the AP sway direction are due to the high interjoint
coordination demand mainly between the hip and knee movements leading to back-and-
forth trunk displacements for the squat-lift motion while maintaining the center of mass
stably over the support base. Generalizing from upper limb between-joint coordination in
reaching actions [42,43], we conceptualize that in the squat-lift task, the central nervous
system anticipates and finely regulates through online feedback the interactive torques
between the lower limb joints to attenuate the sway magnitude and velocity of the center
of mass over the support base. During the cyclic squat-lift movements, dynamic torque
variation at the hip, knees and ankles, as well as the reciprocal effects on the adjacent joints,
have to be accurately anticipated in the control system to attenuate self-produced balance
perturbations by the voluntary movements. An additional point worth noting was that
the superior balance performance of gymnasts in the squat-lift task was also observed
when vision was suppressed. This finding suggests that the main sensory feedback sources
leading to better dynamic balance control in the gymnasts were nonvisual, possibly guided
by the myriad of somatosensory signals relevant for balance control which are generated
during voluntary whole-body movements (cf. [36–38]).

4.3. Methodological Strengths and Weaknesses

We highlight as the most original methodological advancement in our study the
evaluation of voluntary dynamic balance with standardization of movement amplitude
and rhythm during the performance of cyclic whole-body movements. With this procedure,
we assumedly prevented high intra and interindividual movement variability during the
performance of the dynamic tasks as it can occur in protocols in which participants are
allowed to perform movements with self-selected spatial and temporal characteristics. This
procedure can be thought to favor sustainable conclusions on the interpretation of center
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pressure values between groups and experimental conditions. The use of gold standard
measurements based on the center of pressure provided valid and reliable results in the
evaluation of dynamic balance. On the other hand, the lack of kinematic measurements
to document the effective amplitude and rhythm of trunk movements across participants
represents a limitation in this investigation. It should be acknowledged that performing the
tested tasks without vision makes standardizing movement amplitude challenging due to
the absence of visual reference. An additional limitation is represented by between-group
differences in anthropometric measures (see Table 1). On average, athletes from other
sports were approximately 11 cm taller and 16 kg heavier than the gymnasts. It should be
noted that anthropometric measures could impact center pressure measurements (cf. [44]).

5. Conclusions and Implications

Our results showed no significant differences in balance control between high-level
gymnasts and athletes from different sports for quiet standing and voluntary whole-body
movements. The main finding was lower amplitude and velocity displacement of the
anteroposterior center of pressure sway in gymnasts compared to athletes from different
sports during the voluntary cyclic squat-lift task but not in the hip flexion-extension task.
This conclusion was valid for both vision and no-vision conditions. In terms of practical
application, these findings suggest that the employed protocol using the squat-lift task
could serve as a potentially sensitive method for assessing voluntary dynamic balance. As
squat-lifting is a relatively easy task, we speculate that this assessment could apply not
only to young individuals but also to older adults, serving as an objective tool for assessing
voluntary dynamic balance. To validate this assumption, future studies should incorporate
the squat-lift task to evaluate dynamic balance across different age groups.
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