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Preface

This Reprint brings together peer reviewed contributions from the Special Issue entitled
“Posture, Balance, and Gait: Assessment Techniques and Rehabilitation Strategies”, published in
the Journal of Functional Morphology and Kinesiology. The subject matter of the Reprint lies at the
intersection of human movement science, clinical assessment, and rehabilitation practice, with a focus
on posture control, balance regulation, and gait performance across the lifespan and across health
conditions.

The scope of the Reprint encompasses foundational biomechanical and sensorimotor
mechanisms, objective and technology assisted assessment methods, and contemporary
rehabilitation interventions applied in diverse populations, including older adults, individuals
with neurological or musculoskeletal disorders, and pediatric patients. Collectively, the included
studies reflect the current state of knowledge while highlighting emerging methodological and
therapeutic directions within physiotherapy and rehabilitation sciences.

The primary aim of this Reprint is to provide clinicians, researchers, educators, and postgraduate
students with a coherent and accessible collection of evidence that supports evidence based
decision making in the assessment and rehabilitation of posture, balance, and gait. By assembling
experimental studies, systematic analyses, and applied clinical research in a single volume, the
Reprint facilitates effective knowledge translation from research to practice.

The motivation for preparing this Reprint arises from the growing clinical relevance of
movement impairments and fall related risks, alongside rapid advances in wearable technologies,
sensor based analysis, and individualized rehabilitation strategies. These developments create both
opportunities and challenges for health professionals, reinforcing the need for integrated scientific
resources that bridge theory, measurement, and intervention.

This Reprint is addressed to professionals and scholars in physiotherapy, physical medicine and
rehabilitation, ergonomics, orthopedics, neurology, geriatrics, and allied health disciplines, as well as
to researchers with an interest in human movement, biomechanics, and functional performance. It is
our hope that this Reprint will serve as a useful reference, stimulate interdisciplinary dialogue, and

support continued innovation in rehabilitation research and clinical practice.

Vasiliki Sakellari and George Gioftsos
Guest Editors
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1. Editorial Introduction

Posture, balance, and gait are central determinants of human movement, indepen-
dence, and quality of life. Their integrity depends on the coordinated interaction of
musculoskeletal, sensory, and neural systems. Impairments—whether due to aging, neu-
rological or musculoskeletal conditions, or environmental constraints—can substantially
increase the risk of falls, disability, and reduced autonomy.

This Special Issue, “Posture, Balance, and Gait: Assessment Techniques and Rehabili-
tation Strategies”, https:/ /www.mdpi.com/journal/jfmk/special_issues/76CZ2L.400D
(accessed on 13 November 2025), presents a curated collection of studies spanning founda-
tional science, methodological innovations, therapeutic strategies, and applied population
research. Together, these contributions represent a continuum from theory to clinical appli-
cation, enhancing our understanding of human movement and guiding evidence-based
rehabilitation practice.

Foundational research continues to refine our knowledge of the physiological, biome-
chanical, and sensory-motor mechanisms that underpin posture, balance, and muscu-
loskeletal function. Spatial attention, for instance, operates through both goal-directed
and stimulus-driven processes within the fronto-parietal cortex, enhancing multisensory
processing at attended locations regardless of modality [1]. Exercise-based interventions
have been shown to improve postural alignment and physical capacities, though their
long-term benefits often require continuous training [2]. Conversely, sagittal spinal curves
have not demonstrated strong associations with health outcomes such as spinal pain [3].
Somatosensory inputs play a pivotal role in postural control by triggering and scaling
automatic postural responses [4], while the cerebellar nuclei integrate diverse sensorimotor
signals to support the execution and adaptation of dexterous limb movements—processes
disrupted in cerebellar dysfunction [5].

Epidemiological data emphasize the importance of accurate and objective assessment
methods: in 2018, more than one in four older adults reported at least one fall, and over 10%
sustained a fall-related injury [6]. These findings underline the need for precise tools that
move beyond subjective observation. Wearable technologies, such as accelerometers, activ-
ity monitors, and pressure sensors, now provide noninvasive, real-time evaluations of gait
parameters including cadence, stride length, gait cycle duration, and symmetry [7]. Sensor-
based and motion analysis systems further enhance the precision of clinical assessment,
supporting data-driven and individualized rehabilitation planning.

Progress in assessment has been matched by advances in therapeutic interventions.
Wearable sensors enable clinicians to monitor gait abnormalities over time- and design-
personalized rehabilitation strategies [7]. Augmented feedback derived from sensor-based
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gait reports offers a valuable complement to traditional assessments, improving treatment
planning and outcomes in stroke rehabilitation [8].

Population-focused research provides additional clinical relevance. Osteoarthritis, for
example, is strongly associated with limitations in activities of daily living among older
adults. Hip or knee osteoarthritis significantly affects mobility, self-care, and domestic
activities, with some evidence suggesting stronger effects in men for specific mobility-
related tasks [9]. As global mobility limitations rise, such insights underscore the need for
targeted, population-specific rehabilitation approaches.

The contributions in this Special Issue can be conceptually grouped into four thematic
areas that reflect the translational pathway of rehabilitation research:

1.  Foundational and Conceptual Frameworks—studies elucidating the physiological,
biomechanical, and sensory-motor bases of posture, balance, and movement.

2. Clinical Assessment Methods—research developing and validating objective mea-
surement tools and predictive models for postural control and gait performance.

3. Rehabilitation Strategies and Interventions—evidence-based approaches ranging from
sensory stimulation and exercise to robotic and sensor-assisted therapies.

4. Population-Specific and Applied Research—investigations focusing on distinct co-
horts such as athletes, older adults, or patients undergoing surgery.

Collectively, the studies presented in this Special Issue advance both scientific knowl-
edge and clinical practice, offering innovative perspectives on how posture, balance, and
gait can be preserved, improved, and optimized across the lifespan.

2. Highlights of Contributions
2.1. Foundational and Conceptual Frameworks (Contribution 1 and 2)

Two contributions, Lerida-Ponce et al. (Contribution 1) and Akao et al. (Contribution
2), provide fundamental insights into the physiological, biomechanical, and sensory-motor
mechanisms underlying posture, balance, and musculoskeletal function. Lerida-Ponce
et al. focus on the interplay between visual demands and cervical muscle activation,
revealing how ocular input integrates with motor control and proprioception. Akao et al.
demonstrate how spinal-pelvic alignment and intersegmental interactions shape muscle
length and postural control. Together, they establish a conceptual framework that informs
both research and clinical approaches to assessment and rehabilitation.

Lerida-Ponce et al. (2025, Contribution 1) conducted a systematic review investigating
the links between visual accommodation, cervical muscle activity, and related symptoma-
tology, analyzing seven experimental studies with 308 participants. The findings indicated
that accommodative stress consistently increased trapezius electromyographic activity,
suggesting a direct connection between ocular effort and cervical muscle activation. This
work highlights a functional and anatomical coupling between the visual and cervical
systems, expanding the conceptual framework of posture by integrating visual demands
with proprioceptive and motor mechanisms. Clinically, it supports interdisciplinary inter-
ventions, including optometric training, ergonomic adjustments, and postural re-education
to mitigate cervical strain associated with visual fatigue.

Complementing this perspective, Akao et al. (2025, Contribution 2) examined spinal-
pelvic alignment and its relationship to muscle shortening in 41 healthy young men,
using Shapley Additive Explanation (SHAP) analysis to assess individual and interactive
effects of thoracic kyphosis, lumbar lordosis, and anterior pelvic tilt on six key muscles.
Results showed that hip-related muscles—iliopsoas, rectus femoris, gluteus maximus, and
hamstrings—were strongly influenced by both individual alignments and intersegmental
interactions, particularly the thoracic-lumbar interplay. In contrast, back extensors and



J. Funct. Morphol. Kinesiol. 2025, 10, 457

abdominals were minimally affected. These findings emphasize the need to consider
segmental spinal interactions in postural assessment and muscle flexibility interventions.

2.2. Clinical Assessment Methods (Contribution 3,4, 5, 6 and 7)

A second group of contributions in this Special Issue (Contribution 3, 4, 5, 6 and 7) ad-
dresses the evaluation of postural control, gait, and musculoskeletal function, emphasizing
objective measurement, psychometric validation, and clinically meaningful interpretation.

Mirando et al. (2025, Contribution 3) investigated the distribution of plantar pres-
sures during quiet stance and gait in 60 healthy adults using a baropodometric platform.
The study assessed pressures across ten regions of the foot, revealing that although gait
increased overall plantar pressures, the spatial distribution patterns closely resembled
those observed during quiet stance. Significant positive correlations between static and
dynamic measurements suggested that plantar pressure during gait could, to some extent,
be estimated from quiet stance data. Clinically, this provides a practical approach for
assessing foot loading, guiding orthotic prescription, and informing postural and gait
rehabilitation. By integrating static and dynamic assessments, clinicians can efficiently
evaluate foot biomechanics even in settings with limited sensorized equipment, supporting
interventions that reduce injury risk and optimize functional performance.

Polo-Ferrero et al. (2025, Contribution 4) focused on fall risk assessment in older
adults by evaluating the predictive capacity of the 3-Meter Backward Walk Test (3m-
BWT) in 483 community-dwelling participants aged 60-96 years, including 101 individuals
with a prior history of falls. Results indicated that slower 3m-BWT performance was
significantly associated with previous falls and moderately correlated with established
functional assessments, including the Short Physical Performance Battery, Five-Repetition
Sit-to-Stand, gait speed, Timed Up-and-Go, and Four-Square Step Test. Optimal cut-off
points were proposed to stratify risk, balancing sensitivity and specificity. Although
no single test can fully capture the multifactorial nature of falls, the 3m-BWT offers a
rapid, easily administered, and sensitive tool to complement comprehensive geriatric
evaluations, supporting early identification of individuals at risk and informing targeted
preventive interventions.

Gianzina et al. (2025, Contribution 5) extended the application of objective clinical
assessment to a clinical population, examining gait impairments in individuals awaiting
total knee arthroplasty compared with healthy age-matched controls using wearable in-
ertial sensors. The study assessed 17 gait parameters, including stride duration, cadence,
symmetry indices, pelvic tilt, rotation, and obliquity, and propulsion indices for both legs.
Patients awaiting TKA demonstrated significantly longer gait cycles, reduced cadence,
lower symmetry indices, and decreased propulsion compared with controls, highlighting
compensatory gait strategies adopted to reduce knee joint load. The findings emphasize
the potential of wearable sensors to provide objective, high-resolution biomechanical data
for prehabilitation, functional monitoring, and tailored rehabilitation programs aimed at
improving gait performance prior to surgery. This approach also underscores the impor-
tance of assessing multiple gait dimensions rather than relying solely on global measures,
enhancing sensitivity to subtle functional impairments.

Matsuda et al. (2025, Contribution 6) used two small motion sensors placed on the
shank and lower back to estimate knee loading during walking at different step rates.
The method showed strong agreement with standard 3D motion analysis, particularly at
normal or faster walking speeds, suggesting a simple and practical way to assess knee
biomechanics in clinical settings.

Coetzee et al. (2025, Contribution 7) employed a preoperative clinical phenotyping
approach in patients with end-stage knee osteoarthritis awaiting total knee replacement in
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South Africa. Using exploratory factor analysis on a combination of demographic, func-
tional, physical, and patient-reported variables, three distinct phenotypes were identified:
(1) gait and weight—characterized by poor gait mechanics, obesity, and low self-efficacy;
(2) central pain—encompassing central sensitization, depressive symptoms, and reduced
functional performance; and (3) functional factors—reflecting muscular weakness and
sedentary behavior. These phenotypes illustrate the heterogeneity of clinical presenta-
tions in end-stage knee osteoarthritis and highlight the need for tailored, multidisciplinary
preoperative interventions addressing gait, strength, pain management, psychosocial sup-
port, and behavioral change strategies. By stratifying patients according to phenotypic
characteristics, clinicians can optimize rehabilitation and enhance post-surgical outcomes.

2.3. Rehabilitation Strategies and Interventions (Contributions 8, 9, and 10)

This group of contributions is classified under “Rehabilitation Strategies and Inter-
ventions”. Each test structured therapeutic approaches designed to improve balance, gait,
and motor recovery in diverse populations. These works evaluate the efficacy of active
interventions—ranging from sensory stimulation protocols to treadmill-based and robotic
therapies—that aim to enhance postural control, functional mobility, and independence.
Taken together, these three contributions reflect the breadth and innovation of contempo-
rary rehabilitation strategies. They highlight the shift toward multimodal, evidence-based
rehabilitation strategies that are tailored to both populations needs and technological
possibilities. As a group, Contributions 8, 9, and 10 demonstrate how physiotherapy
research is increasingly positioned at the intersection of sensory science, motor learning,
and technological innovation, paving the way for more precise, effective, and accessible
rehabilitation solutions.

Tanaka et al. (2025, Contribution 8) investigated the effects of a novel sensory stim-
ulation protocol targeting the trunk and plantar surfaces in older adults. Using a ran-
domized design, the authors demonstrated that repeated tactile stimulation significantly
improved dynamic balance, as measured by center-of-pressure displacement and stabil-
ity indices. These findings suggest that augmenting sensory input from key postural
regions can compensate for age-related declines in proprioception and somatosensation.
By activating sensory—motor integration pathways, this low-cost and non-invasive inter-
vention offers a promising avenue for fall prevention and functional mobility support in
geriatric populations.

Lepoura et al. (2025, Contribution 9) extended the focus to pediatric neurorehabilita-
tion, evaluating Functional Partial Body Weight Support Treadmill Training (FPBWSTT) in
children with ataxia. The study found that structured treadmill-based training improved
gait symmetry, walking speed, and dynamic balance, while also reducing ataxic movement
patterns. Importantly, the intervention was well tolerated by children, underscoring its
clinical feasibility and potential as a complementary therapy in managing balance and
mobility deficits associated with pediatric ataxia. By integrating partial weight support
with functional, repetitive locomotor practice, FPBWSTT highlights the therapeutic value
of task-specific, intensive training paradigms for children with neurological disorders.

Bonanno et al. (2025, Contribution 10) explored the application of robotic-assisted gait
training compared with conventional physiotherapy in individuals with chronic stroke.
Their randomized controlled trial demonstrated that robotic training resulted in superior
improvements in gait parameters, balance control, and lower-limb motor function. The
findings underline the ability of robotic systems to deliver high-intensity, repetitive, and
precisely controlled locomotor practice, which may surpass the dosage and consistency
achievable in standard therapy. By harnessing advanced technology, robotic gait training ex-
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emplifies a forward-looking approach that complements therapist-led rehabilitation while
expanding therapeutic possibilities for individuals with persistent motor impairments.

2.4. Population-Specific and Applied Research (Contribution 11)

Classified under “Population-Specific and Applied Research”, this study shows how
examining surfers yields insights not captured in broader populations. By addressing the
unique demands of aquatic sports, it demonstrates that targeted activity enhances postural
stability and flexibility. Beyond sport performance, these results have translational value
for rehabilitation and fall-prevention, illustrating how population-centered research can
inform applied health and performance practices.

De Castro-Maqueda et al. (2025, Contribution 11) investigated balance, flexibility, and
self-esteem in surfers compared to non-surfers and physically active controls, employing
established clinical measures such as the SEBT, Flamenco Test, Sit-and-Reach, and Rosen-
berg Scale. The study found that surfers demonstrated superior static and dynamic balance,
suggesting sport-specific adaptations that surpass the benefits of general physical activity,
while no differences emerged in self-esteem.

3. Translational Significance

The collective contributions of this Special Issue underscore the relevance of posture,
balance, and gait research for clinical translation. For example, Lerida-Ponce et al. (2025,
Contribution 1) identified physiological links between visual accommodation and cervical
muscle activity, suggesting that visual demand may influence musculoskeletal tone and
pain pathways, with implications for patient management in cervical disorders. Similarly,
Mirando et al. (2025, Contribution 3) demonstrated that plantar pressure distribution
during gait can be reliably estimated from quiet stance in healthy adults, a finding that
may streamline clinical screening protocols and broaden assessment strategies beyond
laboratory contexts. Translational value is also evident in the applied studies: Tanaka et al.
(2025, Contribution 8) showed that vibratory sensory stimulation of the trunk and sole
significantly improves balance and reduces fall risk in older adults, while Lepoura et al.
(2025, Contribution 9) provided robust evidence that functional partial bodyweight support
treadmill training enhances motor performance and daily mobility in children with ataxia.
Complementary to these approaches, Polo-Ferrero et al. (2025, Contribution 4) validated
the 3-Meter Backward Walk Test as a promising, though not stand-alone, predictor of fall
risk in older adults, underscoring the need for multidimensional screening. Together, these
findings illustrate how biomechanical insights, population-specific adaptations, and inno-
vative rehabilitation techniques can be translated into practical strategies for prevention,
assessment, and intervention.

4. Future Directions

While the studies in this Special Issue advance both theoretical understanding and
clinical application, they also identify key knowledge gaps that outline a forward-looking
research agenda. Akao et al. (2025, Contribution 2) underscored the importance of analyz-
ing the interactive effects of thoracic, lumbar, and pelvic alignment on muscle shortening,
calling for future investigations that incorporate strength measures and frontal-plane pa-
rameters into comprehensive, multidimensional models. Likewise, Gianzina et al. (2025,
Contribution 5) reported notable gait impairments among individuals awaiting total knee
arthroplasty and emphasized the need for prehabilitation research—particularly inter-
ventions integrating strengthening and wearable-sensor feedback—to enhance surgical
outcomes. Bonanno et al. (2025, Contribution 10) demonstrated that end-effector robotic
gait training may improve motor coordination even in chronic stroke, yet they highlighted
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the necessity for long-term and cost-effectiveness studies to establish sustainability and
clinical value. De Castro-Maqueda et al. (2025, Contribution 11) introduced an innovative
perspective by showing that surfing can enhance postural stability, suggesting potential
therapeutic applications for balance disorders if validated within controlled rehabilitation
settings. Finally, Coetzee et al. (2025, Contribution 7) advanced clinical phenotyping in
end-stage knee osteoarthritis, identifying patient subgroups based on gait characteristics,
body weight, central sensitization, and functional impairment—thereby supporting the
development of phenotype-specific rehabilitation strategies.

Taken together, these directions trace a translational pathway that integrates biome-
chanical, sensory, technological, and population-focused perspectives, moving toward
more personalized and effective rehabilitation paradigms.

5. Conclusions

Taken together, the contributions in this Special Issue illustrate how conceptual ad-
vances, methodological innovations, targeted interventions, and applied research collec-
tively shape a coherent framework for translating posture, balance, and gait science into
effective clinical and real-world applications. Progress in this field clearly depends on
bridging foundational neurophysiological and biomechanical mechanisms with validated
assessment tools, developing and testing innovative rehabilitation strategies, and address-
ing population-specific needs.

This growing body of work reflects a clear shift toward individualized, evidence-based
care—emphasizing both prevention and functional recovery across diverse populations.
Building on the success of this first edition, we are pleased to announce the launch of
the second edition of the Special Issue, “Posture, Balance, and Gait: Assessment Tech-
niques and Rehabilitation Strategies—2nd Edition” https://www.mdpi.com/journal/
jfmk /special_issues/C731740M3W (accesssed on 13 November 2025). We warmly invite
researchers and clinicians to contribute new insights, technologies, and interdisciplinary
approaches that will continue to advance this dynamic and clinically meaningful area of
rehabilitation science.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract

Objectives: The aim of this study was to investigate the potential anatomical and physio-
logical interconnections between the visual system and the cervical muscular system, as
well as to examine the role of the visual system in the etiology and manifestation of cervical
musculoskeletal pain or discomfort. Methods: A systematic review was conducted fol-
lowing the PRISMA guidelines, using databases such as PubMed, Scopus, Web of Science,
CINAHL, and PEDro. The protocol was registered in PROSPERO. The included study
designs comprised experimental studies, randomized controlled trials (RCTs), and pilot
RCTs. Results: The literature search was conducted between January and May 2025 and
yielded 51 studies across all databases. Seven experimental studies were finally included,
all of which met the inclusion criteria and presented a mean methodological quality score
of 5 on the PEDro methodological quality scale. The studies included data from a total
of 308 participants (n = 261; 84.74% females). Subjects in the intervention group reported
cervical pain or visual fatigue. Conclusions: Our results indicated a relationship between
visual accommodation and increased electromyographic activity of the trapezius muscle,
suggesting that accommodative stress may induce cervical muscle fatigue and pain.

Keywords: visual accommodation; visual function; neck pain; cervical pain

1. Introduction

Alterations in the visual system and musculoskeletal disorders are significant public
health issues that affect a large portion of the general population. Near visual tasks, reading,
and screen use require precise coordination between the head-stabilizing muscles and the
visual system. Head orientation in space and posture rely on the visual, vestibular, and
proprioceptive systems [1].

During near visual work, the eyes are subjected to continuous accommodative and
convergence effort, which leads to reduced use of distance vision and less frequent far-to-
near-far focus shifts. This prolonged visual demand results in sustained activation of the
extrinsic and intrinsic eye muscles, causing distortion and imbalance in visual behavior,
which can lead to accommodative dysfunctions [2].

Accommodative anomalies and non-strabismic binocular dysfunctions are visual
disorders that affect the binocular system and the patient’s visual performance. These
visual disorders are associated with musculoskeletal discomfort in the cervical and shoulder
regions, as well as headaches, often leading to the adoption of sustained non-ergonomic
postures such as forward head position or asymmetric postures [3].
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Uncorrected alterations in the visual system and the need for corrective lenses primar-
ily increase the strain on the visual system and the head-stabilizing muscles, leading to
visual fatigue, headaches, and cervicodorsal pain, as well as difficulty concentrating and
poor coordination [1].

The visual effort based on the continued contraction of the ciliary muscles not only
causes ocular discomfort but may also increase musculoskeletal tension, especially in the
cervical and scapular regions, associated with increased activation of the trapezius muscle
and the suboccipital musculature [4,5], thereby linking a visual disorder with a postural
adaptation intended to maintain binocular function and visual comfort.

These discomforts may be physiologically connected or may result from postural
adjustments unconsciously adopted as a response to visual fatigue or the use of inadequate
optical correction. In this context, the cervical spine serves as a primary source for neu-
romuscular control [5]. Fatigue of the ocular muscles could lead to secondary changes in
nerve activation, for example, linking a dysfunction in the sympathetic innervation of the
eye in patients with whiplash injury to alterations in accommodation [6]. Therefore, this
opens the possibility of a cross-dysfunction between the two systems.

The main objective of this systematic review is to determine the potential anatomical
and physiological relationships between the ocular system and the cervical musculoskeletal
system. The specific objectives are to justify the relationship between visual accommodation
and the cervical muscular system, as well as its influence on musculoskeletal pain or
discomfort related to the cervical region.

2. Materials and Methods
2.1. Clinical Literature Review

This systematic review and meta-analysis was conducted in accordance with the
recommendations of the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) [7] statement and the Cochrane Handbook for Systematic Reviews of
Interventions [8]. The review was registered in PROSPERO (CRD420251053840).

2.2. Search Strategy

A literature search was carried out independently by two authors (MALP, ASV) from
January to May 2025, across various health science databases, including PubMed (Medline),
SCOPUS, Web of Science (WOS), CINAHL Complete, and the Physiotherapy Evidence
Database (PEDro). To formulate the research question, the PICOS method proposed by the
Cochrane Collaboration was used, as follows: P—population (patients with neck pain),
I—intervention (visual tasks), C—comparison (pre-intervention and post-intervention re-
sults), and O—outcome (accommodation/vergence response, electromyographic muscle
activity). For the search strategy, free-text terms such as “neck pain “ and “lens accom-
modation” were combined with MeSH terms and their synonyms indexed in PubMed
MEDLINE. The search strategy incorporated MeSH terms and Boolean operators as fol-
lows: “((neck pain) OR (trapezius muscle activity)) AND ((ocular accommodation) OR
(lens accommodation))”. No filters were applied for language or publication date. This
phase was overseen by a third author with expertise in search strategies (AJIV). Table 1
shows the search strategy used.

Table 1. Search Strategy.

Database Search Strategy

((cervical pain) OR (cervicalgia) OR (neckache) OR (neck pain) OR (neck muscles) OR

PubMed Medline (trapezius muscle activity)) AND ((ocular accommodation) OR (lens accommodation))
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Table 1. Cont.

Database Search Strategy
Cinahl AB (cervical pain or neck pain or cervicalgia or neckache or neck muscles or trapezius
muscle activity) AND AB (ocular accommodation or lens accommodation)
TOPIC (cervical pain or neck pain or cervicalgia or neckache or neck muscles or trapezius
Web Of Science muscle activity)
TOPIC (ocular accommodation or lens accommodation)
PEDro Cervical pain and Ocular accommodation
TITLE-ABS-KEY “cervical pain” OR “cervicalgia” OR “neckache” OR “neck pain” OR
Scopus “neck muscles” OR “trapezius muscle activity” AND “ocular accommodation” OR

“lens accommodation”

2.3. Eligibility Criteria

Two authors (MALP, ASV) independently and carefully reviewed all records retrieved
in the literature search by title and abstract. When a study was identified as potentially eli-
gible in the review, the full text was read and examined by the two authors. Disagreements
and uncertainties were resolved by a third author (AJIV).

The inclusion criteria were as follows: (1) experimental studies, randomized con-
trolled trials (RCTs), or pilot RCTs; (2) patients with neck pan, upper limb pain, or visual
dysfunctions based on the accommodative capacity of the lens; (3) studies that assessed
the variability in visual accommodation and the perception of ocular and cervical fatigue
and pain; (4) studies with a control group that received another type of intervention or no
intervention; and (5) studies that evaluated outcome related to subjective symptoms of
neck pain, visual accommodation, and cervical muscle activity.

The exclusion criteria were as follows: (1) a sample that was not entirely composed of
patients with neck pain or studies where the visual accommodation was not alterations;
(2) patients with concomitant conditions affecting cranio-cervical function and postural
alterations; and (3) subjects who had ocular motility defects, strabismus, nystagmus,
amblyopia, or any ocular or systemic disease that could affect the results.

2.4. Data Extraction

Data from the selected studies were extracted and coded into a data sheet standardized
Microsoft® Excel file, created for this review by two authors (M.A.L.P, AS.V.). Any
discrepancies were resolved by consulting a third author (A.].L.V.).

After joint data comparison and review, a consensus on result interpretation was
sought, ensuring validity and objectivity. From each study, the following data were ex-
tracted: (1) general features (authorship, publication date, country and funding); (2) patient
characteristics (total sample size, number of participants in each group, age, and sex);
(3) characteristics of the experimental and control groups (type of intervention, number of
sessions); and (4) data related to variables (evaluated variable, test used, and time point
of assessment).

2.5. Outcomes

The variables assessed in this systematic review were the following: the accommoda-
tive/vergence response (measured using an infrared refractometer); heart rate variability
(measured through electrocardiography and electromyography); trapezius muscle activity
(measured using electromyography); and ocular and cervical fatigue (evaluated using the
Borg CR-10 Scale).
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2.6. Risk of Bias and Quality of Evidence Assessments

The evaluation of the risk of bias in each included study and the quality of the evidence
of the main findings was carried out by 2 authors independently (M.A.L.P. and A.S.V.).
The methodological quality and the risk of bias of the included studies were assessed
using the PEDro scale [9]. It consists of 11 items that assess the internal validity and
the interpretability of trial results. The scale evaluates essential methodological aspects
including randomization, blinding, and follow-up, with a score range from 0 to 10 (since
one item is not scored). The total score indicates excellent (109 points), good (8-6 points),
moderate (5—4 points), or poor (<3 points) methodological quality. Any discrepancies
between researchers were resolved by a third investigator (A.J.LV.).

3. Results
3.1. Study Selection

After removing duplicates, twenty-two references were excluded. Thirty studies were
excluded based on the title/abstract, and fourteen studies were excluded based on the
selection criteria. A total of twenty-one distinct articles were obtained, which were assessed
for eligibility based on the inclusion criteria: three were excluded due to study design,
five for not analyzing the variables of interest, four for involving healthy populations, and
one for not linking cervical pain with ocular dysfunctions. Additionally, one potential
article was not included as it did not have a digital version (published in 1985 and in
Norwegian) [10]. A total of seven studies [11-17] met the eligibility criteria and were
included in this systematic review. The PRISMA flow chart (Figure 1) shows the study
selection process.

Identification of new studies via databases and registers

Records identified from:
c Databases (n = 5): Records removed before screening:
2 Scopus (n = 10) Duplicate records (n = 22)
é PubMed (n = 21) Records marked as ineligible by automation
z WoS (n =20) tools (n = 0)
3 Cinahl (n=22) Records removed for other reasons (n = 0)
- PEDro (n = 0)
Records screened Records excluded
(n=51) (n=30)
A
Reports sought for retrieval Reports not retrieved
(n=21) (n=0)
2
c
8
g Reports excluded:
Not available (n = 1)
Observational study (n = 3)
Reports assessed for eligibility Result did not analyze variables of
(n=21) interest (n = 5)
Population without neck pain (n = 4)
No relation between cervical and
ocular symptoms (n = 1)
E New studies included in review
§ (n=7)

Figure 1. PRISMA flow diagram.
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3.2. Characteristics of the Studies Included in the Review

The studies included [11-17] were conducted between 2010 and 2017. A total of
308 participants were provided by the included studies (150 in the control group; 158 in
the experimental group) with a mean age of 18 & 47 years (75.64% female). All the studies
reported data on the immediate effects of demanding visual tasks, which varied in duration,
distance, and visual condition. The sessions lasted between 10 and 30 min. Regarding the
variables, the accommodative/vergence response was assessed using infrared technology,
neck/shoulder discomfort and muscle fatigue were assessed using Borg’s CR-10 scale [17],
muscle activity was measured with electromyography [11-16], and heart rate variability
was measured using electrocardiography [12,15,16] to reduce disturbances from heart
signals on raw electromyography and as an indicator of autonomic reactivity during the
experiments. No external funding was reported in any of the studies. Table 2 shows the

main characteristics of the included studies.

Table 2. The main characteristics of the included studies in the review.

Experimental Group

Control Group

Study N (F/M) D Sample Intervention Sample Intervention Outcomes/Measured
Ne (Age) Tt Ses Ne (Age) Tt Ses
Ne: chronic
neck pain Four Accommodative/vergence
Richter et al., and/or near-to-far response (refractor)
2010 28 professional vision tasks 1 Four 1 Heart rate variability
(Sweden) (18/10) oculomotor 13(32+7) under of 551"31%1’1 15 (27 £ 8) near-to-far of 55;5111 (electrocardiography;
[14] problem§ different vision tasks electromyography)
FN: Yes (asthenopia) v1sy.{al Trapezius muscle activit
ndition P ¥
Nc: he?Ithy co ons (electromyography)
symptom
Ne: chronic
neck pain Two Accommodative/vergence
Richter et al., and/or near-to-far response (refractor)
2011 28 professional vision tasks 1 ses Two 1 Heart rate variability
(Sweden) (18/10) oculomotor 13(32+7) under of 5 min 15 (27 £ 8) near-to-far of SSrerfi n (electrocardiography;
[15] roblems different vision tasks electromyograph
. P 5 X yography)
EN: Yes (asthenopia) visual Trapezius muscle activit
conditions P ¥
Nec: he?lthy (electromyography)
symptom
Ne: chronic
neck pain Accommodative/vergence
Forsman and/or Near-to-far 1 ses Near-to-far 1 ses response (refractor)
etal., 2012 28 professional Vlsﬁ)r?dt:rSks 1 51\{;3;125 Vlsfr?dteafks 1 51\’{ier?1res Heart rate variability
(Swieden) (18/10) ocul(tm)rlnotor 13(32+7) different and at 15 (27 £ 8) different and at (electrocardiography;
Flil'alllo p rﬁ ems visual Far visual Far electromyography)
: (asthenopia) conditions 15 times conditions 15 times Trapezius muscle activity
Nc: heilthy (electromyography)
symptom
Visually Visually Accommodative/vergence
Zetterberg k}\lﬁ: d 33 demanding 33 demanding response (refractor)
etal., 2013 neck/showlder medijan near work at 1 ses (median near work at 1 ses Heart rate variability
(Swéden) G 46/612) ) patu?zln thi age 39 a computer 4 series age 39 a computer 4 series (electrocardiography;
[12] 611\? e weeks [range screenunder  of 7 min [range screen under  of 7 min electromyography)
EN: Yes c: healthy 20-47]) different 20-47]) different T . . A
’ symptom visual visual rapezius muscle activity
conditions conditions (electromyography)
Four Four Accommodative/vergence
Richter et al., Ne: chronic 33 near-to-far 33 near-to-far response (refractor)
2015 6 neck pain (median vision tasks 1 ses (median vision tasks 1 ses Heart rate variability
(Sweden) p age 39 under 4 series age 39 under 4 series electrocardiography;
(54/12) Ne: health sraphy
[16] SC' e?omy [range different of 7 min [range different of 7 min electromyography)
FN: Yes ymp 20-47]) Vﬁ,u?‘l 20-471) vas‘u‘al Trapezius muscle activity
conditions conditions (electromyography)
Ne: chronic
neck pain Accommodative/vergence
Zetterberg and I/Jor Ne_ar—t;)—fir Ne_ar'ff'fi’ir response (refractogr)
: vision tasks vision tasks iabili
etsal‘, §015 26 E’)rc(:lffs ;g?oarl 12 (26 + 8) under 1 ses of 14@2+7) under 1 ses of (Hle al;t rate(;f'anabﬂ}l'lty'

( wec en) 17/9) o 26+ 8 different 2.5 min different 2.5 min electrocardiography;
[11] problems visual visual electromyography)
FN: Yes (asthenopia) conditions conditions Trapezius muscle activity
Ne: he?lthy (electromyography)

symptom
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Table 2. Cont.

Experimental Group Control Group
Study N (F/M) D Sample Intervention Sample Intervention Outcomes/Measured
Ne (Age) Tt Ses Ne (Age) Tt Ses
Four Four Accommodative/vergence
Zetterberg Ne: chronic 33 near-to-far 33 near-to-far response (refractor)
etal., 2017 66 neck pain (median vision tasks 1 ses (median vision tasks 1 ses Heart rate variability
(Sweden) (54/12) Ne: her;lth age 39 under of 7 min age 39 under of 7 min (electrocardiography;
[17] S i tomy [range dlfferent [range dlf_ferent electromyography)
EN: Yes ymp 20-47]) visual 20-47]) visual Ocular and cervical fatigue
conditions conditions (Borg CR-10 scale)
FN: funding N: total sample size; D: diagnostic; F/M: female/male; Ne: experimental group sample size; Tt:
Treatment; Ses: session; Nc: control group sample size; min: minutes.
3.3. Assessment of Methodological Quality and Main Biases Identified
Table 3 reports the PEDro score for each study included in the review. The studies
showed moderate methodological quality and a medium risk of bias (PEDro score of
5 points). None of the studies blinded the participants, evaluators, or therapists, nor was
there any concealed allocation or masking, which increased the risk of performance biases.
Table 3. PEDro methodological quality scale.
Total
Author C1 C2 C3 C4 C5 C6 Cc7 C8 C9 C10 C11 Score
Richter et al., 2010 [14] v v X v X X X v X v v 5
Richter et al., 2011 [15] v v X v X X X v X v v 5
Forsman et al., 2012 [13] v v X v X X X v X v v 5
Zetterberg et al., 2013 [12] v v X v X X X v X v v 5
Zetterberg et al., 2015 [11] v v X v X X X v X v v 5
Richter et al., 2015 [16] v v X v X X X v X v v 5
Zetterberg et al., 2017 [17] v v X X X X X v v v v 5

C: criteria; v': yes; X : no.

3.4. Main Findings in Systematic Review
3.4.1. Effects of Visual Work on the Accommodation Response

In six of the seven selected studies [11,12,14-17], a greater accommodative response
was observed with negative lenses compared to neutral lenses. The study by Richter
et al., 2015 [16] showed an insufficient response, as the accommodation of the lens did
not need to compensate for the accommodative load under both binocular and monocular
negative conditions. The study by Richter et al., 2010 [14], used Prism-Out lenses (which
induce an external deviation of the eyes), showing an appropriate visual accommodation
response. Only in the study by Richter et al., 2011 [15] was an inconsistency observed
between accommodation and convergence with positive lenses. No significant differences
were found between the symptomatic group and the control group in the selected studies,
except for the study by Zetterberg et al., 2015 [11], where the accommodative response was
greater in the control group (p = 0.049) compared to the group with cervical symptoms.
Table 4 presents the primary outcomes with statistical data from the selected studies.

Table 4. Summary of primary outcomes from the selected studies.

Reference Variable/Condition Main Results (Experimental Group)

Binocular with —3.5 D: r? =0.38; p = 0.0012
Binocular with 0.0 D: r2 = 0.003; p = 0.79
Binocular with 1-2 Prism D: 12 = 0.07; p=0.203
Binocular with +3.5 D: r2 = 0.316; p =0.0022

Richter et al., 2010 [14] Accommodative error (D)/EMG (% RVE)
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Table 4. Cont.

Reference

Variable/Condition

Main Results (Experimental Group)

Richter et al., 2011 [15]

Response diopters (D)/EMG (% RVE)

Binocular with —3.5 D: r? = 0.25; p = 0.013
Binocular with 0.0 D: 12 = 0.016; p = 0.563

Accommodative error (D)/EMG (% RVE)

Binocular with —3.5 D: r? = 0.3686 p = 0.001
Binocular with 0.0 D: r? = 0.0018; p = 0.845

Forsman et al., 2012 [13]

EMG /refraction signals

R(tau) = 0.019; p = 0.001

Zetterberg et al., 2013 [12]

Accommodation response (D)/EMG (%RVE)

Binocular with —3.5: r = 0.377; p = 0.017
Monocular with —3.5: r = 0.147; p = 0.326
Monocular neutral with 0.0 D: r = —0.018; p = 0.897
Monocular with +3.5: r = 0.088; p = 0.524

Zetterberg et al., 2015 [11]

Trapezius muscle activity (in %RVE)

Neutral lenses: 1.82 [0.79, 2.86]; p = 0.034
Negative —3.5 D lenses: 2.36 [0.72,3.99]; p > 0.1
Positive +3.5 D lenses: 1.74 [0.28,3.21]; p=p > 0.1

Richter et al., 2015 [16]

Trapezius
muscle activity (% RVE)

Binocular —3.5 D: p = 0.007
Monocular —3.5 D: p = 0.048
Monocular 0 D: p = 0.043

during the visual tasks Monocular +3.5D: p > 0.5

Zetterberg et al., 2017 [17]

Binocular —3.5 D: 3.39 (2.09)

. Monocular —3.5 D: 3.68 (2.00)
Accommodation response Monocular 0 D: 1.51 (0.74)

Monocular +3.5 D: 0.97 (0.99)

Binocular —3.5D: 3.0 (0 +9.0) *

BOR'’s scale internal eye discomfort Mggggﬁ%g; 6 %52 00+ 2.0 7%)7 0)

Monocular +3.5 D: 3.0 (0 &+ 9.0)

Binocular —3.5 D: 3.0 (0 4 7.0)

, . Monocular —3.5 D: 2.5 (0.3 £ 7. 0)
BOR'’s scale external eye discomfort Monocular 0 D: 2.0 (0 + 7.0)
+7.

& (
Monocular +3.5 D: 2.5 (0 0)
1.

Binocular —3.5 D: 3.0 (1.0 £ 9.0)

BOR’s scale neck/shoulder discomfort Mggggﬁﬁ; 6 13)53]30 (3100(1 E)t 01)0 0)

Monocular +3.5 D: 3.0 (0.5 £+ 9.0)

D: diopters; EMG: electromyography; RVE: reference voluntary electrical activity; r-value: Pearson correlation
coefficient; *: values presented are medians with the range in brackets.

3.4.2. Effects of Visual Work on Cervical Muscle Tone

Six of the seven selected studies [11-16] analyzed the effects of visual work on trapez-
ius muscle activity. Three of the studies [13-15] showed that accommodative stress in-
duced by the use of lenses with positive or negative load increased trapezius muscle tone
(p = 0.001). Two studies [12,16] identified a significant correlation between accommodative
stress and an increase in trapezius muscle tone, but only under binocular vision conditions
(p = 0.009) according to Zetterberg et al., 2013 [12] and (p = 0.007) Richter et al., 2015 [16].
Under other visual conditions, trapezius activity remained low with no statistically sig-
nificant differences, while one of the included studies found no significant differences in
muscle tone across the different visual tasks (p = 0.1) [11]. In the six studies [11-16], muscle
tone was quantified by recording electromyographic activity (Table 4).

3.4.3. Effects of Visual Work on Heart Rate

In three of the selected studies [11,13,14] electrocardiography was not a primary
variable but a technical tool to optimize the electromyographic recording. Conversely, in
another three studies [12,15,16], electrocardiography, in addition to being used to optimize
the electromyographic recording, was used to measure heart rate variability, thereby
assessing the influence of the autonomic nervous system. Across these latter studies,
the autonomic nervous system was not altered at any point during the experiment with
any of the proposed visual tasks. Only in the study by Richter et al., 2015 [16] was a
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statistically significant decrease observed in the binocular vision condition with negative
lenses (p = 0.024).

3.4.4. Effects of Visual Work on the Perception of Fatigue and Pain

Only one of the included studies [17] analyzed the perception of fatigue and pain in
the eyes, cervical region, and glenohumeral area. This study observed that, after accom-
modative stress induced by negative lenses, there was a significant increase in fatigue and
pain in the eyes, cervical area, and glenohumeral region (p = 0.001). This variable also
increased with positive lenses, although in this case, the differences were not significant
(p = 0.3). In this study [17], the Borg CR-10 Scale, a numerical scale with verbal expressions
used to quantify pain intensity, was employed to assess the perception of fatigue [18].

4. Discussion

All studies [11-17] have demonstrated a relationship between the visual system and
the cervical musculoskeletal system. On the one hand, the authors have established a
relationship between ocular accommodation and the cervical region [11-16]. These studies
induced visual accommodation changes through the use of positive, negative, and neutral
lenses. However, most of the reviewed literature did not directly ascertain whether ocular
accommodation affects cervical conditions. The various authors described variations in
trapezius electromyographic activity induced by changes in lens accommodation. However,
the findings were inconsistent across studies. These findings suggest the possibility of
increased cervical muscle tone as a mechanism to stabilize gaze in response to a mismatch
in visual accommodation.

Previous studies observed a relationship between binocular vision and the neck
system. Sanchez-Gonzdlez et al. [3] evaluated binocular vision status and confirmed a
relationship between nonstrabismic binocular dysfunctions and musculoskeletal neck dis-
orders. Giffard et al. [19] demonstrated a relationship between convergence insufficiency
and cervical pain, demonstrating reduced ocular convergence in patients with cervical
pain compared to asymptomatic subjects. Matheron et al. [20] reported head rotation in an
attempt to compensate for the vertical deviation produced by a prism placed in front of the
eye.

Other studies, such as that by Domkin et al. (2019) [21], observed that visually
demanding tasks lead to increased trapezius muscle activity. Moreover, Richter et al.
(2012) [22] emphasized that the patient’s accommodative effort is more closely related to
trapezius EMG activity than the actual inability to focus.

Several authors have reported accommodative and vergence disorders in whiplash
patients. Roca et al. [23] and Burke et al. [24] found that convergence and accommodation
are reduced in whiplash patients. Ischebeck et al. [25] suggested that these patients exhibit
altered eye reflexes and smooth pursuit movements, which may impair the coordination
of the head and eyes. Stiebel-Kalish et al. [26] stated that whiplash patients exhibited
convergence insufficiency and accommodative disorder symptoms. Ischebeck et al. [27]
noted that severely impaired chronic neck pain patients have an elevated cervico-ocular
reflex (COR) compared to healthy controls. These results are similar to those obtained in
our study, supporting the hypothesis that there is an adaptive postural modification of the
cervical spine related to vision.

Physiological processes that connect accommodative stress with activation of the
trapezius muscle, such as the coordination between sensory and motor systems and mech-
anisms for postural control, can lead to postural changes including tilting or turning the
head, lifting the chin, lowering it, or a mix of these, depending on the underlying cause [28].
According to Nucci et al., tension in the neck muscles may occur as a secondary effect
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when the head tilts to compensate for a vertical misalignment caused by dysfunction in
the superior oblique muscle [29]. This head position can reduce the strain on the affected
ocular muscles through reflexive responses. Although such an adjustment may support
better visual function, over time, it may also result in musculoskeletal issues in the cervical
region. From this perspective, discomfort or pain in the neck may arise as a consequence of
the body’s effort to optimize visual performance. In this context, cervical disorders may
develop due to sustained postural compensation aimed at maintaining visual comfort, high-
lighting the clinical implications of integrating optometric and postural interventions [30].

On the other hand, one of the selected studies [17] focused on cervical musculoskeletal
symptoms and ocular symptoms. The Borg CR-10 Scale was measured before and after
performing the visually demanding task, and it was concluded that a change in accom-
modative load led to an increase in ocular and cervical discomfort. This suggests that
cervical pain may be caused by accommodative stress. In this regard, we found studies
such as the one published by Lodin et al. (2012) [4], which concluded that a demanding
visual exercise can lead to the onset of cervical and ocular symptoms. The study published
by Sénchez-Gonzalez et al. (2018) [2] determined a significant association between accom-
modative dysfunctions and the presence of pain in the cervical region, measured using the
Neck Disability Index, the Visual Analogue Scale, cervical range of motion, deep flexor
muscle activation score, and performance index.

While the findings of this work offer clinical relevance, further clarification is needed
regarding the percentage of change in EMG trapezius activity during vision tasks. Future
studies should address the median and standard deviation values of each group over
time and the group interaction. It is also important to consider some limitations: the
inclusion of a limited number of studies, the relatively small sample sizes in some of these
studies, the local recruitment (all studies performed in Sweden), and the predominance
of female participants may reduce the robustness and generalizability of our findings.
Another limitation is the potential for publication bias to influence several of our results.
Nonetheless, several studies seem to have used the same sample, and the quality of
evidence reported was moderated. None of the studies presented random selection or
blinding of participants, assessors, or therapists. Additionally, it is important to note that
the possibility of patient follow-up could not be considered for the studies included due
to limitations in their design. Future studies with larger sample sizes are necessary to
elucidate the impact of the relationship between visual accommodation and trapezius tone.

5. Conclusions

Given the descriptive nature of the data and the lack of statistical synthesis, the
findings of this systematic review suggest that there is an anatomical and physiological
relationship between the ocular system and the cervical musculoskeletal system, indicating
a possible influence on trapezius muscle tone due to visual demand. The limited differences
between the control and symptomatic groups reflect that cervical pain does not worsen
visual accommodation. However, insufficient accommodative capacity could potentially
induce a painful muscular process in the cervical region. Further studies are required to
enhance the generalizability, evidence base, and robustness of these findings.
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Abstract

Objectives: To comprehensively examine the association between spinopelvic alignment
and muscle shortening in healthy young men, focusing on the individual and interac-
tive effects of thoracic kyphosis, lumbar lordosis, and anterior pelvic tilt using SHapley
Additive exPlanation (SHAP) analysis. Methods: Forty-one healthy young adult men
participated in this cross-sectional study. Thoracic kyphosis, lumbar lordosis, and an-
terior pelvic tilt were measured using a flexible curve ruler and inclinometer. Muscle
length indices for six muscles (iliopsoas, rectus femoris, gluteus maximus, hamstrings, back
extensors, and abdominals) were assessed via standardized physical examinations and
image analysis. A machine learning model was developed, and SHAP analysis applied to
determine individual and interactive contributions of spinopelvic angles to each muscle
length index. Results: SHAP analysis showed that hip-related muscle shortening (iliopsoas,
rectus femoris, hamstrings, gluteus maximus) was influenced by both individual align-
ments and interactions, especially between thoracic kyphosis and lumbar lordosis. Lumbar
lordosis was most associated with iliopsoas shortening (SHAP = —0.09), while anterior
pelvic tilt was linked to hamstring shortening (SHAP = —0.30). Thoracic kyphosis was
the key factor for rectus femoris shortening (SHAP = —0.05). Interactive effects exceeded
individual contributions for the rectus femoris, gluteus maximus, and hamstrings. In
contrast, spinal alignment had minimal influence on the back extensors and abdominals.
Conclusions: Both individual and intersegmental spinal alignments are associated with
muscle shortening, particularly in hip-related muscles. The interaction between thoracic
kyphosis and lumbar lordosis plays a pivotal role. These findings underscore the im-
portance of evaluating segmental spinal interactions when assessing muscle flexibility
and posture.

Keywords: sagittal spinal alignment; pelvic tilt; muscle shortening; SHAP (SHapley
Additive exPlanation); posture analysis; machine learning

1. Introduction

Postural alignment in humans is one of the critical elements influencing the activities
of daily living and physical function. Standing posture is the state wherein the center of the
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body mass is maintained within the base of support and the body is aligned vertically [1]. In
particular, the sagittal-plane standing posture is affected by the spinal alignment curvature,
including thoracic kyphosis and lumbar lordosis, and is associated with displacement of
the center of mass. One of the representative classifications based on the sagittal spinal
curvature is the Kendall classification, which categorizes posture into four types based on
the characteristics of the spinal curvature: ideal posture, kyphotic-lordotic, flat back, and
sway back [2]. Abnormal sagittal spinal curvature is reportedly associated with deviations
in postural alignment and adverse health outcomes, including pain, reduced mobility,
impaired physical function, and increased mortality [3]. The spinal sagittal curvature is not
limited to isolated regions such as the thoracic or lumbar spine. However, it is regulated
by the spinal-pelvic complex, which reflects its interrelationships with other body regions.
Therefore, to understand normative alignment in the sagittal plane, it is essential not only
to evaluate spinal curvature alone but also to analyze each postural alignment type by
considering the positional relationship of the spinal-pelvic complex in relation to other
body regions [4].

Muscle shortening is one factor associated with the spinal alignment. The shortening
or overactivity of specific muscle groups may be related to trunk inclination [3]. Janda
classified muscles into two groups: tonic muscles, which contain a higher proportion of
red fibers and are responsible for sustained postural contractions; and phasic muscles,
which have a higher proportion of white fibers and are involved in rapid, dynamic joint
movements [5,6]. Tonic muscles are prone to tightness or shortening, whereas phasic
muscles are more susceptible to weakness. Postural alignment during standing is thought
to be associated with muscle length. For example, the shortening of the hip flexors is
associated with anterior pelvic tilt, whereas the shortening of the hip extensors is associated
with posterior pelvic tilt [2]. When the lumbar erector spinae are shortened and the
abdominal muscles are relatively lengthened, the pelvic tilt and lumbar lordosis tend to
increase beyond the normal ranges. This suggests that pelvic tilt is related to lumbar
curvature in normal standing posture and that both are influenced by the performance
and length of the trunk muscles [7]. Thus, muscle shortening is likely associated with the
alignment of the pelvis and lumbar spine. However, conflicting findings have been reported,
with some studies indicating that hamstring muscle length is not associated with pelvic tilt
angle [8]. Walker et al. suggested that abdominal muscle length may also be associated
with lumbar lordosis and pelvic tilt [9]. However, a combination of complex factors can
influence this relationship. Therefore, postural alignment may not be determined solely by
muscle shortening. In summary, while some studies report associations between spinal
alignment and muscle shortening, others report no such relationship; the association
remains inconclusive.

Although previous studies have suggested a potential relationship between individ-
ual spinal alignment and muscle shortening, spinal alignment is inherently interrelated
across different spinal regions. Therefore, interactions between spinal regions may also
contribute to muscle shortening. However, the relationship between individual spinal
alignments and interregional interactions related to muscle length has not been sufficiently
explored. Recent studies have begun to apply machine learning approaches to elucidate
complex biomechanical interactions within the spinal-pelvic region. For example, Pasha
et al. demonstrated the utility of machine learning analysis in interpreting spinal alignment
features from spinal imaging data, highlighting the potential of explainable Al in muscu-
loskeletal research contexts [10]. However, few studies have extended such approaches
to analyze the contribution of spinal alignment patterns to muscle length indices, partic-
ularly in a standing posture. Clarifying the relationship between spinal alignment and
muscle length could enhance clinical decision-making for assessment and treatment. These
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insights may support the development of individualized interventions to improve postural
alignment, flexibility, and overall physical performance. Accordingly, the present study
aimed to investigate the association among muscle length, individual contributions, and
interregional interactions of spinal alignment, focusing specifically on the thoracic, lumbar,
and pelvic regions.

2. Materials and Methods
2.1. Participants

The participants were 41 healthy young adult men (mean age: 20.7 £ 0.6 years; height:
170.5 £ 6.0 cm; weight: 61.9 £ 9.8 kg; BMI: 21.2 + 2.7). The exclusion criteria included a
history of spinal fractures or other spinal disorders, known neurological conditions, and
spinal asymmetry. Specifically, participants with a known diagnosis of scoliosis made by
a medical professional were excluded, as radiographic assessment (e.g., Cobb angle) was
not performed in this study. This study was approved by the ethics committee of Kyoto
Tachibana University (approval no. 24-74). All participants received a verbal explanation
of the study and provided written informed consent before participation.

2.2. Study Protocol

All participants underwent the following measurements: muscle length indices, spinal
curvature angles, and pelvic tilt angles. All measurements were conducted under stan-
dardized conditions, with the participants wearing swimwear for the lower body and no
clothing for the upper body.

2.3. Measurement of Spinal Curvature Angles

Spinal curvature angles were measured in a static standing posture using a flexible
curve ruler (Shinwa Rules Co., Ltd., Niigata, Japan). The participants stood barefoot with
their feet shoulder-width apart and maintained a static standing posture while flexing their
shoulder and elbow joints to 90° [11] (Figure 1). Anatomical landmarks were identified,
and markers were placed on the spinous processes of the seventh cervical vertebra (C7)
and the first lumbar vertebra (L1), as well as on the left and right posterior superior iliac
spines (PSIS). The flexible curved ruler was molded along the contour of the spine by gently
pressing it with the fingers to ensure that it conformed closely to the spinal shape. The
ruler was then carefully transferred to the paper without deformation and traced [12]. This
procedure was repeated twice, and the mean value was used for the analysis. Following
the method described in previous studies [12], the thoracic kyphosis angle was calculated
using a straight line (L) drawn between C7 and L1 and a perpendicular line (H) from the
apex of the curve to the L.

Thoracic kyphosis angle = 4 x arctangent (2H/L)

Similarly, the lumbar lordosis angle was calculated using a straight line (L) drawn
between L1 and the midpoint of the left and right PSIS and a perpendicular line (H') from
the apex of the curve to L (Figure 1).

Lumbar lordosis angle = 4 x arctangent (2H' /L)
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Figure 1. The evaluation of spinal alignment using a flexible curve ruler and method for calculating
spinal curvature angles.

2.4. Measurement of Sagittal Pelvic Alignment

Sagittal pelvic alignment was measured using an inclinometer (BWT61 Gyroscope
Sensor; WitMotion Co., Ltd., Shenzhen, China). The measurement posture was identical
to that of the spinal curvature assessment: participants stood barefoot with feet shoulder-
width apart, maintaining a static standing posture with both the shoulder and elbow
joints flexed to 90°. The inclinometer was placed at the midpoint between the left and
right posterior superior iliac spines (PSIS), and the angle relative to the vertical axis was
measured. The anterior tilt angle of the sacrum, which is related to the pelvic tilt, was used
to indicate the anterior pelvic inclination [13].

2.5. Measurement of Muscle Length Indices

To comprehensively assess the flexibility of the primary hip flexor and extensor muscle
groups as well as the trunk muscles, muscle length indices were measured for six specific
muscles: the iliopsoas, rectus femoris, gluteus maximus, hamstrings, abdominal muscles,
and back extensor muscles. Lateral images of the participants were captured using the rear
camera of a 7th-generation iPad (Apple Inc., Cupertino, CA, USA) running iPadOS 16.3.1.
The device was positioned approximately 3 m from the participant at the level of the greater
trochanter to ensure full-body visibility in the frame. Images were taken using the default
camera application, and the resolution was 1920 x 1080 pixels, consistent with the standard
output of the device. Angle measurements were performed using Image] image analysis
software (NIH, Bethesda, MD, USA; available from https://imagej.net/ij/download.html;
accessed on 13 May 2025), with anatomical landmarks marked at the acromion, greater
trochanter, lateral femoral epicondyle, and lateral malleolus.

For the rectus femoris and iliopsoas, a modified Thomas test was used to calculate
the hip and knee joint angles [14]. The participants lay in a supine position with both legs
hanging off the edge of the examination table. The non-measured leg was brought as close
to the chest as possible while maintaining contact between the lumbar spine and table. The
leg to be measured remained relaxed and hanging below the table. The reference axis for
the rectus femoris was defined as the femoral shaft (the line between the greater trochanter
and lateral femoral epicondyle), and the movement axis was defined as the lower leg shaft
(the line between the fibular head and lateral malleolus) (Figure 2A). For the iliopsoas, the
reference axis was the line between the acromion and greater trochanter, and the movement
axis was the femoral shaft (Figure 2B).

22



J. Funct. Morphol. Kinesiol. 2025, 10, 259

&

Figure 2. Measurement methods for each muscle length index. (A): rectus femoris; (B): iliopsoas;
(©): hamstrings; (D): gluteus maximus; (E): back extensor muscles; (F): abdominal muscles.

The participants lay supine with their hip and knee joints flexed to 90° to evaluate the
hamstrings. The knee was extended as much as possible from this position, and the knee
joint angle was measured at full extension [14]. The reference axis was the femoral shaft
and the movement axis was the shaft of the lower leg (Figure 2C).

For the gluteus maximus, with the anterior superior iliac spine (ASIS) stabilized, the
hip joint was passively flexed while keeping the knee flexed. The hip flexion angle was
measured when the ASIS began to move [15] (Figure 2D). The reference axis was the line
from the acromion to the greater trochanter and the movement axis was the femoral shaft.

A line connecting the left and right PSIS was drawn to assess the back and abdominal
muscles, and a point 15 cm above the intersection with the spine was used as a landmark.
The participants flexed and extended their trunks while keeping their arms relaxed. The
distance between the two landmarks during flexion and extension was measured using
a tape measure, and the change in distance was used as the muscle length index [16]
(Figure 2E,F). An increase in the distance during flexion and a decrease during extension
indicate greater lumbar mobility.

The rectus femoris, iliopsoas, hamstrings, and gluteus maximus were measured on
both sides, and the side showing the most significant muscle shortening was used for the
analysis. All measurements were performed twice, and the minimum value was used
for analysis.
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2.6. Data Analysis

To investigate the individual and interactive effects of thoracic, lumbar, and pelvic
alignment on muscle length, we first constructed random forest regression models for
each muscle. The dataset comprised 41 participants, and each model used 17 spinopelvic
alignment parameters as input variables to predict a single muscle length index. The
models were built using scikit-learn with 100 estimators (n_estimators = 100) and a fixed
random state (random_state = 42) for reproducibility. All other hyperparameters were
set to default. Given the limited sample size, we did not use cross-validation but instead
assessed model performance using mean absolute error (MAE) to quantify prediction
accuracy. No normalization (e.g., z-score standardization or min—max scaling) was applied
to the muscle length indices, as the values were already expressed in interpretable physical
units (degrees or centimeters), making further transformation unnecessary. Subsequently,
we employed SHAP analysis, a model interpretation method based on machine learning.
SHAP is a game-theoretic approach that quantifies the contribution of each independent
variable to the predicted value of the dependent variable [17]. The SHAP values indicate
the magnitude and direction of each variable’s contribution to the prediction, not causality.
A positive SHAP value implies that the variable increases the predicted outcome, whereas
a negative value indicates a contribution that decreases the prediction.

In this study, the dependent variables were the muscle length indices, and the in-
dependent variables were the thoracic kyphosis, lumbar lordosis, and anterior pelvic tilt
angles. A negative SHAP value for the muscle length index was interpreted as a ten-
dency toward muscle shortening, except for the abdominal muscles, for which a positive
SHAP value indicates shortening. To evaluate the individual effects of spinal alignment,
SHAP summary plots and mean SHAP values were used to visualize and quantify the
relative contribution of each angle to muscle length indices. The summary plot shows
the contribution of each independent variable (SHAP value) to the prediction, provid-
ing a comprehensive view of the variables that influence muscle-shortening tendencies.
Additionally, to assess the interactions between spinal regions, we calculated the mean
interaction SHAP values to examine their combined influence on the muscle length in-
dices. The interaction SHAP quantifies the contribution of the interaction between two
variables to the predicted outcome. We also visualized the relationship between the
SHAP values and spinal curvature angles using dependence plots, focusing on the spinal
alignment variable with the most substantial contribution (individually or through in-
teraction). In the dependence plot, the x axis represents the feature value, the y axis
represents the SHAP value, and each point represents an individual participant. This
allows for a visual interpretation of how feature values relate to the prediction contribu-
tions. Moreover, dependence plots can visualize the interaction effects using color-coding
points based on the value of a second variable. When interaction effects are present, no-
ticeable shifts in the color patterns are observed, indicating the presence and nature of
the interaction.

3. Results
3.1. Characteristics of Participant Measures

The characteristics of the spinal alignment and muscle length indices of the study
participants are presented in Table 1.
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Table 1. Characteristics of spinal alignment and muscle length indices in study participants.

Measurement Index

Value (Mean + SD)

(n = 40)

Thoracic kyphosis angle (°) 259 £87

Lumbar lordosis angle (°) 26.7 £7.2

Anterior pelvic tilt angle (°) 12.6 + 5.1
lliopsoas (°) —9.8+£52

Rectus femoris (°) 70.8 + 14.1
Hamstrings (°) 140.4 + 10.0
Gluteus maximus (°) 69.0 + 10.8

Back extensor muscles (cm) 212+ 1.1
Abdominal muscles (cm) 123+ 0.7

3.2. Effects of Spinal Alignment on Muscle Length Indices

The mean absolute error (MAE) for each model was as follows: iliopsoas, 3.2°; rectus

femoris, 8.1°; gluteus maximus, 8.6°; hamstrings, 7.1°; back extensor muscles, 0.9 cm; and

abdominal muscles, 0.6 cm. These values indicate that the models reasonably approximated

each muscle length index based on spinopelvic alignment parameters. Figure 3 shows the

SHAP summary plots for each muscle length index derived from the random forest model.

The features are ranked in descending order based on their mean absolute SHAP values,

indicating their relative contributions to the model’s prediction. Table 2 displays the mean

SHAP values for the individual and interaction effects of spinal alignment on each muscle

length index.
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Figure 3. SHAP summary plots for each muscle length index. (A): iliopsoas; (B): rectus femoris;

(©): hamstrings; (D): gluteus maximus; (E): back extensor muscles; (F): abdominal muscles. Color

coding in the SHAP summary plots indicates the magnitude of each spinal alignment parameter: red

represents higher values of the corresponding feature (e.g., greater kyphosis, lordosis, or pelvic tilt),

while blue indicates lower values.
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Table 2. Mean SHAP values for individual and interaction effects of spinal alignment on each muscle

length index.

RF IP HAM GM BA AB
Kyphosis —0.05 0.00 0.29 0.05 —0.02 —0.01
Lordosis 0.16 —0.09 0.16 —0.08 0.00 0.02
Pelvic 0.02 0.07 —0.30 0.27 —0.02 —0.01
Kyphosis x Lordosis ~ —0.08 0.00 —-0.27 —0.16 0.00 0.00
Kyphosis x Pelvic —0.05 0.01 —0.03 —0.04 0.00 0.00
Lordosis x Pelvic 0.00 0.04 0.06 0.19 —0.01 —0.01
Kyphosis —0.05 0.00 0.29 0.05 —0.02 —0.01

RF: rectus femoris, IP: iliopsoas, HAM: hamstrings, GM: gluteus maximus, BA: back muscles, AB: abdominal muscles.

3.2.1. Iliopsoas

The summary plot for the iliopsoas (Figure 3A) shows that greater anterior pelvic
tilt angles were associated with negative SHAP values, indicating a contribution to iliop-
soas muscle shortening. Notably, even in patients with smaller anterior pelvic tilt angles,
negative SHAP values were observed, indicating a shortening tendency. Similarly, in-
creased lumbar lordosis angles were associated with negative SHAP values, suggesting a
contribution to the shortening of the iliopsoas. In contrast, the thoracic kyphosis angles
showed a mixed distribution of positive and negative SHAP values with no consistent
trend. According to the mean SHAP values in Table 2, lumbar lordosis had the strongest
individual contribution to iliopsoas muscle shortening (mean SHAP = —0.09). Given
that lumbar lordosis was the most influential factor, a dependence plot of the lordosis
angle was generated (Figure 4A). This plot revealed that lumbar lordosis angles between
20° and 35° were associated with negative SHAP values, indicating a contribution to

iliopsoas shortening.
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Figure 4. Dependence plots for the iliopsoas muscle. (A): dependence plot for the lumbar lor-
dosis angle; (B): dependence plot for the interaction between the thoracic kyphosis and lumbar

lordosis angles.

Focusing on interregional spinal interactions, the mean interaction SHAP values
(Table 2) were positive across all spinal region combinations, suggesting that interaction
effects did not contribute to iliopsoas shortening. However, a dependence plot of the
interaction between lumbar lordosis and thoracic kyphosis (Figure 4B) showed that lumbar
lordosis angles between 20° and 40° and thoracic kyphosis angles between 20° and 50°
were associated with negative SHAP values, indicating a potential interaction-related
contribution to the shortening of the iliopsoas within this specific range.
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3.2.2. Rectus Femoris

The summary plot for the rectus femoris (Figure 3B) shows that the SHAP values for
thoracic kyphosis were positively and negatively distributed with no clear trend observed.
However, when the lumbar lordosis angles were high, the SHAP values tended to be nega-
tive, indicating a contribution to rectus femoris shortening. Similarly, greater anterior pelvic
tilt angles were associated with negative SHAP values, suggesting a tendency towards
shortening. According to the mean SHAP values in Table 2, thoracic kyphosis showed the
strongest individual contribution to rectus femoris shortening (mean SHAP = —0.05). The
dependence plot for thoracic kyphosis (Figure 5A) revealed that the SHAP values were
negative within the 10-35° range, indicating a contribution to rectus femoris shortening in
this angle range.

(A) Dependence plot: Rectus femoris (B) Dependence plot: Rectus femoris
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Figure 5. Dependence plots for the rectus femoris muscle. (A): dependence plot for the thoracic
kyphosis angle. (B): dependence plot for the interaction between the thoracic kyphosis and lumbar

lordosis angles.

Focusing on the interactions between spinal regions, the interaction of SHAP values
(Table 2) indicated that the interaction between thoracic kyphosis and lumbar lordosis
contributed to rectus femoris shortening (interaction mean SHAP = —0.08). The dependence
plot for this interaction (Figure 5B) showed that the SHAP values were negative when the
thoracic kyphosis and lumbar lordosis angles were within the 10-35° range, indicating a
shortening-related contribution from their interaction.

3.2.3. Hamstrings

The summary plot for the hamstrings (Figure 3C) shows that greater lumbar lordosis
angles were associated with negative SHAP values, indicating a contribution to hamstring
shortening. Similarly, smaller anterior pelvic tilt angles were associated with negative
SHAP values, suggesting a tendency toward muscle shortening. In contrast, the SHAP
values for thoracic kyphosis were positively and negatively distributed with no consistent
trend observed. According to the Mean SHAP values in Table 2, pelvic tilt showed the
strongest individual contribution to hamstring shortening (Mean SHAP = —0.30). The
dependence plot for anterior pelvic tilt (Figure 6A) indicated that the SHAP values were
negative in the 0-10° range, suggesting a contribution to hamstring shortening in this

angle range.
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Figure 6. Dependence plots for the hamstrings. (A): dependence plot for the anterior pelvic tilt angle;
(B): dependence plot for the interaction between the thoracic kyphosis and lumbar lordosis angles.

Focusing on inter-regional spinal interactions, the interaction mean SHAP values
(Table 2) showed that both the thoracic—lumbar interaction (interaction mean SHAP =
—0.27) and the thoracic—pelvic interaction (interaction mean SHAP = —0.03) contributed to
hamstring shortening. The dependence plot for the interaction between thoracic kyphosis
and lumbar lordosis (Figure 6B) demonstrated that when thoracic kyphosis was between
10° and 30° and lumbar lordosis was between 18° and 35°, the SHAP values were negative,
indicating a contribution to hamstring shortening in this range.

3.2.4. Gluteus Maximus

The summary plot for the gluteus maximus (Figure 3D) showed that the SHAP values
for anterior pelvic tilt were positively and negatively distributed, indicating no consistent
trend. When the lumbar lordosis angles were small, the SHAP values tended to be negative,
suggesting a contribution to shortening of the GM. In contrast, at higher lumbar lordosis
angles, the SHAP values were mixed, with no clear directional patterns. High thoracic
kyphosis angles were associated with negative SHAP values, indicating their contribution
to gluteus maximus shortening. According to the mean SHAP values in Table 2, lumbar
lordosis had the strongest individual contribution to gluteus maximus shortening (mean
SHAP = —0.08). The dependence plot for lumbar lordosis (Figure 7A) revealed that the SHAP
values were negative in the 1045° range, suggesting a shortening tendency in this range.
(B)
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Figure 7. Dependence plots for the gluteus maximus concerning lumbar lordosis. (A): Dependence
plot for the lumbar lordosis angle. (B): Dependence plot for the interaction between the lumbar
lordosis and thoracic kyphosis angles.
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Regarding inter-regional spinal interactions, the mean interaction SHAP values
(Table 2) showed that the interaction between thoracic kyphosis and lumbar lordosis
contributed to gluteus maximus shortening (interaction mean SHAP = —0.16). The de-
pendence plot for this interaction (Figure 7B) indicated that when thoracic kyphosis was
between 10° and 40° and lumbar lordosis was between 10° and 45°, the SHAP values were
negative, suggesting a contribution to gluteus maximus shortening in this range.

3.2.5. Back Muscles

The summary plot for the back extensor muscles (Figure 3E) showed a tendency
toward negative SHAP values when the thoracic kyphosis angles were small, indicating
a contribution to muscle shortening. In contrast, the SHAP values for pelvic tilt were
positively and negatively distributed, showing no clear trends. When the thoracic kypho-
sis angles were high, the SHAP values tended to be negative, suggesting a shortening
effect. According to the mean SHAP values in Table 2, both thoracic kyphosis (mean
SHAP = —0.02) and pelvic tilt (mean SHAP = —0.02) contributed to back extensor shorten-
ing. The dependence plot for thoracic kyphosis (Figure 8) showed that the SHAP values
were negative in the 10-23° range, indicating an association with muscle shortening in that

angular range.
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Figure 8. A dependence plot for the back extensor muscles about the thoracic kyphosis angle.

Regarding inter-regional spinal interactions, the interaction of SHAP values (Table 2)
did not contribute to the shortening of the back extensor muscles. Additionally, the
absolute SHAP values for the back extensor muscles were lower than those observed for
the hip-related muscles, indicating that both the individual and interaction effects of spinal
alignment contributed minimally to the variation in back extensor muscle length.

3.2.6. Abdominal Muscles

The summary plot for the abdominal muscles (Figure 3F) shows that greater thoracic
kyphosis angles tended to be associated with positive SHAP values, indicating a contri-
bution to abdominal muscle shortening. Similarly, smaller lumbar lordosis angles also
tended to produce positive SHAP values, which contributed to shortening. In contrast,
overall, the SHAP values for lumbar lordosis were distributed positively and negatively,
showing no consistent trend. According to the mean SHAP values shown in Table 2, lum-
bar lordosis had the strongest individual contribution to abdominal muscle shortening
(mean SHAP = 0.02). The dependence plot for lumbar lordosis (Figure 9) revealed that the
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SHAP values were positive in the 10-35° range, indicating a shortening-related effect in
this region.
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Figure 9. Dependence plot for the abdominal muscles about lumbar lordosis.

Regarding inter-regional spinal interactions, none of the interaction SHAP values
between the spinal regions contributed to abdominal muscle shortening (Table 2). More-
over, the absolute SHAP values for the abdominal muscles were lower than those for the
hip-related muscles, suggesting that both the individual and interaction effects of spinal
alignment had a limited influence on abdominal muscle length.

4. Discussion

This study investigated the associations between the individual and interactive effects
of thoracic, lumbar, and pelvic alignment and trunk and hip-related muscle lengths. The
SHAP summary plots derived from the random forest model revealed that the degree of
the spinal alignment’s contribution to muscle shortening varied across different muscles.
For the rectus femoris, thoracic alignment contributed the most to muscle shortening, with
the interaction between the thoracic and lumbar regions showing the most substantial
contribution among the interaction effects. The lumbar alignment had the greatest influence
on the iliopsoas; however, no significant interaction effect was observed. Hamstring
shortening was associated with pelvic alignment alone and with the interaction between
the thoracic and lumbar regions. In the gluteus maximus, the lumbar alignment and
thoracolumbar interactions contribute to muscle shortening. In contrast, the contributions
from both the individual and interaction effects were minimal for the back extensor and
abdominal muscles. These findings suggest that muscle shortening, particularly in the
muscles surrounding the hip joint, may be associated with both the individual influence of
spinal alignment and interactions between spinal regions.

Regarding the effect of individual spinal alignment on muscle shortening, thoracic
kyphosis contributed to the shortening of the rectus femoris, with a mean SHAP value
of —0.05. Although the summary plot indicated that thoracic kyphosis had the most sig-
nificant impact on the rectus femoris, SHAP values exhibited bidirectional contributions
(both positive and negative), suggesting no consistent trend. However, the dependence
plot revealed that the SHAP values were predominantly negative within the thoracic
kyphosis angle range of 10-35°, indicating an association with rectus femoris shortening.
According to previous studies, the average thoracic kyphosis angle in healthy young men
is 31.2 £ 5.32° [18], and an excessive thoracic kyphosis is defined as an angle of 42° or
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greater [19]. In the present study, the participants had an average thoracic kyphosis angle of
25.9 £ 8.7°, suggesting a tendency toward smaller than average thoracic curvature. Further-
more, the dependence plot showed a concentration of negative SHAP values, particularly
within the 20-30° range, indicating that individuals with reduced thoracic curvature tended
to shorten the rectus femoris. Although the rectus femoris originates from the anterior
inferior iliac spine and does not attach to the thoracic spine, it is directly connected to the
pelvis. Therefore, anterior pelvic tilt places the rectus femoris in a shortened position. This
suggests that changes in pelvic alignment may indirectly influence other regions, such as
the thoracic kyphosis, through kinetic chains and compensatory mechanisms. Additionally,
previous reports have indicated that shortening of the rectus femoris may promote anterior
pelvic tilt and increase lumbar lordosis as a compensatory response [20]. This is consistent
with the summary plot of the present study, which showed a tendency for rectus femoris
shortening with a more significant anterior pelvic tilt, aligning with the anatomical and
biomechanical functions of the muscle. These findings suggest that rectus femoris short-
ening may be associated with changes in pelvic alighment and indirectly with thoracic
kyphosis, potentially serving as a compensatory mechanism for maintaining the overall
spinal alignment. Moreover, a previous study reported a significant negative correlation
between thoracic kyphosis and rectus femoris length, indicating that more significant tho-
racic kyphosis is associated with rectus femoris shortening [21]. This suggests that, as the
thoracic spine becomes more kyphotic and the center of gravity shifts, changes in the rectus
femoris length may occur, stabilizing the center of mass over the lumbar spine and pelvis.
In summary, the contribution of thoracic kyphosis to the rectus femoris shortening may be
interpreted as a compensatory adjustment in the spinal curvature among individuals with
average or below-average thoracic kyphosis in response to changes in pelvic and lumbar
alignment, although thoracic kyphosis itself does not directly influence the rectus femoris
through movement.

Concerning lumbar lordosis, the most significant contributions to muscle shortening
were observed for the iliopsoas (mean SHAP = —0.09) and the gluteus maximus (mean
SHAP = —0.08). In the summary plot for the iliopsoas, the anterior pelvic tilt showed the
highest contribution; however, the SHAP values were widely dispersed, indicating a lack
of consistency. In contrast, lumbar lordosis angles within the 20-35° range were associated
with negative SHAP values, suggesting a contribution to iliopsoas shortening. Previous
research has reported an average lumbar lordosis angle of 30.2 &+ 5.21° in healthy young
men [18]. In contrast, the average value in the present study was 26.7 £ 7.2°, indicating a
tendency toward reduced lumbar curvature in the current sample. The dependence plot
further supported this finding, showing a predominance of negative SHAP values in the
25-35° range, indicating an overall trend of iliopsoas shortening. Among the iliopsoas
components, the psoas major is directly attached to the lumbar spine and facilitates lumbar
lordosis. A previous study reported that shortening of the iliopsoas muscle was associated
with increased lumbar lordosis [4]. For the gluteus maximus, the mean SHAP value was
—0.08, indicating a contribution to muscle shortening. Although anterior pelvic tilt showed
the highest contribution in the summary plot, the SHAP values for this variable were dis-
tributed across both positive and negative directions, with no clear trend. The dependence
plot revealed negative SHAP values in individuals with lordosis angles > 30° and reduced
angles of <30°. Notably, negative SHAP values in participants with reduced lumbar lordo-
sis support previous findings, suggesting that a smaller lumbar lordosis angle contributes
to gluteus maximus shortening [22]. The gluteus maximus attaches to the posterior aspect
of the pelvis and plays a role in posterior pelvic tilt. In a posture in which the posterior
pelvic tilt reduces lumbar lordosis, gluteus maximus shortening may occur. A previous
study reported that individuals with gluteus maximus contracture demonstrated decreased
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lumbar lordosis compared with healthy individuals [23]. This has been interpreted as a
compensatory mechanism for maintaining the global spinopelvic balance through pelvic
morphological changes. Although some variability exists in the lumbar lordosis angle
at which gluteus maximus shortening occurs, the finding that reduced lumbar lordosis
is associated with gluteus maximus shortening is consistent with those of previous stud-
ies [4]. These results suggest that specific ranges of lumbar lordosis angles contribute to the
shortening of the iliopsoas and gluteus maximus. This may be explained by a combina-
tion of direct anatomical effects and indirect compensatory mechanisms involving other
body segments, highlighting the multifactorial relationship between lumbar alignment and
muscle length.

Regarding anterior pelvic tilt, the hamstrings showed the most substantial contribu-
tion to muscle shortening, with a mean SHAP value of —0.30. The summary plot also
indicated that smaller anterior pelvic tilt angles were associated with hamstring shortening,
suggesting a tendency towards muscle shortening in the presence of a posterior pelvic tilt.
The dependence plot further confirmed this relationship, with many participants exhibiting
negative SHAP values when the anterior pelvic tilt was <10°, indicating a contribution
to muscle shortening. In this study, the average anterior pelvic tilt angle was 12.6 £ 5.1°,
which is consistent with previous reports indicating an average of 12.6 £ 5.8° in healthy
young men [13]. According to a previous study [13], the primary role of the hamstrings in
standing posture is to induce posterior pelvic tilt. As hip extensors, the hamstrings pull the
posterior pelvis downward, counteracting an excessive anterior tilt. Similarly, a previous
study reported that the hamstrings promote posterior pelvic tilt [4]. Moreover, a previous
study noted that hamstring shortening is generally associated with a significant increase
in posterior pelvic tilt, suggesting a relationship between reduced hamstring flexibility
and increased pelvic retroversion [24]. However, in the present study, some participants
who did not show a posterior pelvic tilt still exhibited SHAP values, indicating hamstring
shortening. A previous study reported that hamstring length is not always associated
with anterior pelvic tilt during standing [25]. They suggested that when multiple muscle
groups are simultaneously shortened, their effects may cancel each other out, resulting in
no observable alignment changes. Nevertheless, in our study, the contribution of hamstring
shortening was relatively small in participants without a posterior pelvic tilt, whereas it
was substantially greater in those with a posterior pelvic tilt. These findings suggest that,
when a posterior pelvic tilt is present, the hamstrings, which attach directly to the pelvis,
may have direct anatomical and biomechanical roles in muscle shortening.

This study examined whether interactions between spinal regions enhance muscle
shortening. Using interaction SHAP analysis, we found that all hip-related muscles con-
tributed the most to muscle shortening through the interaction between thoracic kyphosis
and lumbar lordosis. In contrast, for the back extensors and abdominal muscles, the contri-
butions from both individual and interaction effects were minimal. When comparing the
contributions of individual versus interactive effects, thoracic kyphosis alone contributed
to rectus femoris shortening; however, the thoracolumbar interaction showed an even
more significant contribution. Similarly, thoracolumbar interaction influenced gluteus
maximus shortening more strongly than lumbar lordosis alone. For the hamstrings, pelvic
alignment showed the strongest individual contribution, but interaction SHAP analysis
revealed that the thoracolumbar interaction was the dominant factor. In contrast, lumbar
lordosis showed the strongest individual contribution to the iliopsoas; however, the inter-
action effects were weaker. Based on these findings, we further explored the dependence
plots for the rectus femoris, gluteus maximus, and hamstrings, which showed increased
contributions under interaction effects, to identify the characteristic angle ranges. For the
rectus femoris, participants with thoracic kyphosis angles of 20-30° and lumbar lordosis
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angles of 20-35° exhibited concentrated negative SHAP values, indicating a contribution to
muscle shortening. For the gluteus maximus, a similar concentration of negative SHAP
values was observed in the ranges of thoracic kyphosis 20-30° and lumbar lordosis 15-30°.
Similarly, for the hamstrings, negative SHAP values were concentrated in the range of
thoracic kyphosis 10-30° and lumbar lordosis 18-35°. Despite their different anatomical
locations and functions (i.e., anterior versus posterior hip musculature), these muscles
share similar thoracolumbar interaction ranges associated with shortening. A previous
study suggested that although the rectus femoris does not anatomically attach to the tho-
racic spine, thoracic kyphosis may still indirectly influence its function via compensatory
adjustments of the spine and pelvis to maintain postural balance [21]. Similarly, a previous
study reported that individuals with gluteus maximus contracture showed reduced lumbar
lordosis and increased thoracic kyphosis, indicating that compensatory mechanisms in
spinopelvic alignment may preserve the overall sagittal balance even in symptomatic
populations [23]. For the hamstrings, increased tension has been reported to influence
spinal curvature [26], and associations between lumbar lordosis and anterior pelvic tilt in
the standing position have also been established [27], suggesting that spinal and pelvic
alignments jointly contribute to postural regulation. Physiological spinal curvatures, such
as lordosis and kyphosis, help efficiently absorb and distribute mechanical loads. These
curvatures also influence the position of the center of gravity, thereby contributing to
balance and postural stability. Curvature levels, angles, and combinations of spinal and
pelvic alignments vary widely and can be classified into multiple alignment types [10].
Taken together, these findings suggest that the spine and pelvis function as a coordinated
complex, the spinopelvic unit, which adjusts posture in response to changes in the center of
gravity and load distribution. Therefore, changes in thoracic kyphosis and lumbar lordosis
may influence pelvic alignment through kinetic chains, and the interaction between these
regions may play a key role in contributing to the shortening of the hip-related muscles.

The novelty and strength of this study lie in its investigation of how individual spinal
alignments and inter-regional spinal interactions are associated with muscle length, using
a machine learning-based analytical method that enables interpretability. The analysis
revealed that among the hip-related muscles, individual spinal regions tended to con-
tribute to muscle shortening. Furthermore, in the rectus femoris, hamstring, and gluteus
maximus, the combined effects of lumbar lordosis and thoracic kyphosis were associated
with a more substantial contribution to muscle shortening. These findings suggest that the
direct anatomical effects of muscles attached to the spine and indirect effects, such as spinal
curvature-induced shifts in the center of gravity and compensatory adjustments due to mus-
cle length imbalance, play a role in whole-body postural balance. The results of this study
enhance the interpretation of the relationship between standing postural alignment and
muscle shortening, offering the potential for more integrated and precise interpretations of
combined postural and muscle assessments. Moreover, if muscle-shortening tendencies
in spinal alignment can be understood, it is possible to prioritize intervention strategies
targeting specific muscles based on their relevance to postural alignment. Consequently,
the interpretative framework established in this study regarding the relationship between
spinal alignment and muscle length may contribute to improved clinical assessments and
more effective treatment decision-making.

The present study has several limitations. This study focused on the individual
associations between spinal alignment and the lengths of specific muscles. As such, it did
not account for the interactive influence of the agonist and antagonist muscle groups. Given
the variability in muscle development and usage patterns influenced by individual motor
experiences and neuromuscular adaptations, antagonistic muscle activity may influence
spinal alignment and muscle lengths. The study sample consisted exclusively of young

33



J. Funct. Morphol. Kinesiol. 2025, 10, 259

adult males, which limits the generalizability of the findings to other populations, including
females and older adults. This restriction intentionally excludes the confounding effects
of sex and spinal pathology. Future studies should examine whether the relationships
identified in this study differ by sex or age, as muscle characteristics and spinal alignment
may vary accordingly. The analysis in this study was limited to the sagittal plane alignment.
Frontal plane factors such as scoliosis were not assessed, and the precise vertical level of
the spinal curvatures (e.g., curvature apex) was not examined in detail. Previous research
has indicated that spinal alignment varies significantly depending on the combination of
thoracic, lumbar, and pelvic configurations [10]. Future studies should include frontal
plane alignment and curvature apex positioning to examine detailed and characteristic
relationships between spinal posture and muscle shortening. While this study focused
on muscle length, it is important to recognize that muscle strength influences spinal
alignment. The muscle strength data were not collected in this study. While we focused
on muscle length indices estimated from postural data, the potential influence of muscle
strength on postural alignment and compensatory mechanisms remains unexplored. Future
research should incorporate strength measurements to more comprehensively understand
the interaction between spinal alignment, muscle function, and flexibility. Therefore, the
results cannot be interpreted as a comprehensive analysis of all the spinal alignment
factors. Future investigations should incorporate a broader range of variables, including
strength and connective tissue properties, to further clarify the contribution of muscle
length to spinal alignment within a multidimensional framework. These findings may have
clinical implications in rehabilitation strategies; for instance, targeted flexibility exercises
for the rectus femoris could potentially reduce compensatory increases in thoracic kyphosis,
thereby improving sagittal balance in individuals with anterior pelvic tilt. Future research
directions may also be highlighted.

5. Conclusions

This study investigated how the individual effects and interregional interactions
of thoracic, lumbar, and pelvic alignments are associated with muscle length. These
findings suggest that individual spinal alignment and the interaction between multiple
spinal regions contribute to muscle shortening, particularly in the hip-related musculature.
Among these, the interaction between thoracic kyphosis and lumbar lordosis showed the
strongest association with muscle shortening, indicating that the combined influence of
thoracic and lumbar alignments may play a key role in shortening hip-related muscles.
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Abstract

Objectives: We assessed the difference between quiet stance and gait in the spatial distri-
bution and intensity of foot plantar pressures and whether it is possible to estimate the
distribution during gait from data obtained during stance. Methods: A total of 60 healthy
subjects with a mean age of 31.0 & 9.4 years performed two trials for quiet stance and four
trials for gait on a baropodometric walkway with their eyes open. Foot plantar pressures
were recorded from 10 areas of the foot sole. Results: During quiet stance, the highest
plantar pressure occurred at metatarsal heads (M2 to M4) and the medial (MH) and lateral
halves of the heel (LH). During gait, the profile of plantar pressure values was like that
during stance, but significantly higher. The differences concentrated at the big toe (T1), M2
to M4, MH, and LH, whilst toes (T2,3,4,5) and midfoot (MF) showed the smallest difference.
A significant positive correlation was found between the corresponding areas of foot pres-
sure during gait and stance. Conclusions: During quiet stance and gait, the overall profile
of plantar pressure distribution was similar. During quiet stance, the subjects loaded more
on the heels, in keeping with the known position of the center of pressure just in front of
the ankles. During gait, higher pressures on the metatarsal areas are related to the forward
propulsion of the center of mass. The correlation between the corresponding areas of foot
pressure during gait and stance suggests that the pressure distribution during gait can
partly be estimated from that during stance. This finding might be useful in most clinical
settings when a single sensorized platform rather than a complete walkway is available.

Keywords: plantar pressures; quiet stance; gait; baropodometry; stabilometry; healthy
subjects; rehabilitation

1. Introduction

In assessing human gait and posture, foot pressures play a role in accessing the
information hidden beneath the foot’s interaction with the surface in contact [1]. During
quiet stance and gait, the spatial distribution of foot plantar pressures over time determines
the average position of the center of pressure (CoP) as the centroid of the total number
of active sensors [2,3]. During quiet stance, the CoP sways in both anteroposterior and
mediolateral directions due to the forces exerted on the ground through the feet to control
the center of mass (CoM) to maintain stability [4]. The sway of the CoP in both the AP and
ML directions is a manifestation of the dynamic interplay between the gravitational forces
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acting on the CoM and the neuromuscular responses required to counteract these forces [5].
On the other hand, during the stance phase of gait, the progression of the CoP consists
of a path formed by a series of coordinates passing from the hindfoot to the midfoot and
finally to the forefoot, again as a product of the spatial and temporal distribution of the
foot plantar pressures [2].

Analyzing plantar pressures during gait is essential for understanding foot function,
biomechanics, and their implications for various activities of daily living and clinical
conditions. By evaluating plantar pressure distribution, clinicians can identify asymmetries,
abnormal loading patterns, and areas of excessive pressure, which may indicate underlying
musculoskeletal or neurological impairments [6]. Initially, the analysis of foot pressures
was used mostly for clinical foot deformities or foot illness diagnosis [7], such as those
of patients affected by diabetes mellitus [8,9], calcaneal [10,11], or ankle fractures (see
Mirando et al. [12] for a review) and pes cavus [13,14]. In these conditions, plantar pressures
allow for the estimation of the severity of the pathology and assess the possible risk of
complications [15].

Although plantar pressures during gait have been thoroughly studied in both healthy
subjects and patients, little consideration has been given to plantar pressures during quiet
stance [16]. For example, at variance with the latter condition, when the plantar pressures
are constantly acting at the interface between the foot sole and the ground, during the
stance phase of gait, the plantar pressures progress during three distinct phases (loading
response, mid-stance, and terminal stance) [17,18]. In addition, the plantar pressures are
affected by gait speed in a non-uniform way but with some differences in the various areas
of the foot sole [19]. Finally, both leg and intrinsic foot muscles are active during double
leg support [20,21] as much as during quiet stance, but they are active to a larger extent
during the single leg stance phase of gait [20], thus affecting the intensity and pattern of
distribution of foot plantar pressures [22].

To our knowledge, few data have been published directly comparing plantar pressures
across different areas of the foot sole during balance and gait in the same healthy subjects.
Dragulinescu et al. [22] reviewed the pattern of contact areas of the foot sole during different
types of standing and gait tasks using different wearable devices. In turn, Cleland et al. [2]
focused on the relationship between the contact area of the foot sole and the position of
the CoP. They found that the location of CoP is a consequence of different contact regions
spread across the foot sole and that, during standing, a great part of the foot sole is in
contact with the ground at any time. On the contrary, during gait, only a small part of the
foot sole is in contact with the ground. However, neither study focused on the differences
in distribution and height of plantar pressures within the various areas of the foot sole
between quiet stance and gait. Only Merry et al. [23] addressed this issue. They investigated
which regions of the foot can differentiate walking, standing, and sitting in a small sample
of young healthy subjects. They aimed to identify the foot sole areas most affected during
each activity in a typical working environment to find a connection between work exposure
and plantar heel pain.

Although quantitative differences exist in the distribution of plantar pressures between
quiet standing and walking, it is not clear to what extent it is possible to estimate plantar
pressure distribution during gait from data obtained during quiet stance. This finding
might be of some interest since, in most clinical settings, a single sensorized platform rather
than a complete walkway is available, thus allowing for recording plantar pressures during
quiet stance but not during gait. In addition, we wondered whether any difference in foot
plantar pressures between stance and gait was only related to the absolute values being
higher during gait [23] or whether there were also spatial differences in plantar pressure
distribution between the two tasks. These spatial differences could be the consequence of
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the biomechanical events characterizing quiet stance and gait and the larger activation of
the intrinsic and extrinsic foot muscles under the latter condition [20]. Preliminary results
have been presented in abstract form [24].

2. Materials and Methods
2.1. Subjects

This study was approved (#2461CE, 06 October 2020) by the local Ethics Committee
of the Istituti Clinici Scientifici Maugeri of Pavia, Italy. Written informed consent was
obtained from each subject before the experiment in accordance with the Declaration of
Helsinki. The sample size of 60 was an estimate based on what is usual in the field [25] and
considering the aim of measuring a diverse age group of healthy volunteers.

The inclusion criteria were the following: (1) age between 18 and 65 years old; (2) no
cardiac, pulmonary, or neurological diseases; (3) no previous major trauma or surgical
intervention on the musculoskeletal system; and (4) ability to understand and sign the
informed consent form. The anthropometric measures collected in our sample were weight,
height, and lower limb length (from the greater trochanter to the ground). The subjects
were tested at the Centre for the Study of Motor Activities (CSAM) of the Istituti Clinici
Scientifici Maugeri in Pavia.

2.2. Assessment Protocol

Plantar pressure was recorded using a baropodometric walkway (P-walk, BTS Bio-
engineering, Garbagnate Milanese, Italy). The multiple pressure platform system consists
of four modules for a total of 9216 resistive load cells (2304 for each platform), with a total
length of 2 m and a sampling frequency of 50 Hz. The walkway was calibrated using the
manufacturer’s proprietary software. Calibration followed standard procedures, applying
known weights and verifying sensor response. Prior validation studies regarding the above
walkway support excellent accuracy (Pearson’s r = 0.99) and low intra-session variability
(CV < 5%) during static loading tests [26,27].

Each subject performed two trials barefoot in the quiet stance condition with their
eyes open (EO). The participants remained upright with the arms extended alongside the
trunk, with the feet forming an open angle of 30° and the malleoli spaced 5 cm apart,
following the international standardization criteria for baropodometric tests [28]. To ensure
uniformity of position between the subjects, a foot template was placed on the first module
of the platform, the one used for static measurements. The path length and surface of
the 95% confidence ellipse of the center of pressure (CoP) were recorded for 30 s. The
recording did not start immediately, but we waited about ten seconds to avoid recording
any initial adaptation of the subjects. The mean of the two trials was calculated for the
subsequent analyses.

Four gait trials with EO were performed, asking subjects to start when they felt ready
at least two meters before the beginning of the platform, to walk at their usual speed, and
to stop two meters after the end of the sensorized platform. We recorded walking speed
and single and double support time from the mean of the four trials.

2.3. Plantar Pressure Evaluation

Under both static and walking condition, the software of the sensorized platform
divided the foot into the following ten anatomical areas (Figure 1): T1, big toe; T2,3,4,5,
toes 2 to 5; M1, metatarsal 1; M2, metatarsal 2; M3, metatarsal 3; M4, metatarsal 4; M5,
metatarsal 5; MF, midfoot; MH, medial half of heel; and LH, lateral half of heel. For each
area, peak plantar pressure (kPa) was calculated during both quiet stance and gait. The
mean peak plantar pressure of the ten-foot areas was calculated separately from the trials
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under the static condition and the trials under the walking condition for each subject. In
such a way, we further analyzed the average value of the areas of the right and the left
footprints, which was carried out separately for the static and dynamic conditions.

b s s 2

Figure 1. Graphical representation of foot areas in the left foot. The foot is divided into ten areas: T1,
big toe; T2,3,4,5, toes 2 to 5; M1, metatarsal 1; M2, metatarsal 2; M3, metatarsal 3; M4, metatarsal 4;
M5, metatarsal 5; MF, midfoot; MH, medial half of heel; and LH, lateral half of heel.

In the case of gait trials, given the 2 m length of the walkway, one of the authors (M.M.)
selected one step of the right foot and one of the left foot for each trial. Those footprints
partially contained by the walkway or with unclearly delineated foot shape were excluded
from further analysis. In the latter case, the trial was repeated to obtain four steps for
each foot.

2.4. Statistical Analysis

The distribution of the data was assessed for skewness, kurtosis, and equality of
variance (Levene’s test). As the assumption of normality was met for each variable, data
were then expressed as the mean + standard deviation (SD). For both the right and left
foot, we first calculated the average of the peak plantar pressure of the ten-foot areas and
tested whether the average value differed between the right and left foot (paired Student’s
t-test). This was performed separately for quiet stance and gait. As we found no difference
between the right and left foot mean pressure values during either quiet stance [26] or
gait [29], for each condition, we considered the mean pressure of each corresponding area
averaged over the two feet for further analysis.

We then assessed the difference in the ten plantar pressure areas and task (stance or
gait) using a 2-way repeated measure analysis of variance (ANOVA) with quiet stance and
gait and the ten areas as repeated measures. On the other hand, the differences in plantar
pressure at each single-foot area calculated between gait and stance were analyzed using
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a one-way ANOVA. When the assumption of sphericity was violated, the Greenhouse-
Geisser correction was applied. Partial eta squared (n?p) was reported as a measure of
effect size, with 0.01, 0.06, and 0.14 considered as small, medium, and large effect sizes,
respectively. Multiple comparison of the mean differences was performed using Tukey’s
adjustment. The Cohen’s d effect size (with 0.2, 0.5, and 0.8 considered as small, medium,
and large effect sizes, respectively) was also reported. p values < 0.05 were considered
statistically significant.

The relationships between plantar pressures during gait and age, weight, height, body
mass index (BMI), and plantar pressures during stance were investigated using regression
analyses. All statistical tests were performed using SPSS version 21 for Windows (IBM
Corporation, Armonk, NY, USA).

3. Results
3.1. Subject Characteristics

We enrolled 60 healthy subjects, including 29 men (48.3%) and 31 women (51.7%),
with a mean age of 31.0 &= 9.4 years (standard deviation, SD), weight of 67.0 £ 13.7 kg,
height of 172.0 & 8.9 cm, body mass index of 22.5 + 3.1 kg/m?, and lower limb length of
90.2 £ 5.9 cm and 90.2 £ 5.8 cm for the right and left limbs, respectively.

3.2. CoP Sway and Total Plantar Pressure Distribution During Quiet Stance

During quiet stance, the surface of the 95% confidence ellipse of the CoP and its
path were 36.8 & 12.9 mm? and 128.3 + 29.8 mm, respectively. The average peak pressure
between the ten areas of the right and left foot was 30.0 & 6.6 kPa and 32.5 + 6.9 kPa (paired
t-test, p = 0.10, d = 1.05), respectively. As no differences were found between the right and
left foot, the mean pressure of each corresponding area from both feet was considered for
further analysis.

3.3. Spatial-Temporal Variables of Gait and Total Plantar Pressure Distribution

During gait, the mean speed was 1.20 &= 0.16 m/s. The mean time of single support
was 0.46 & 0.05 s for the right foot and 0.44 & 0.08 s for the left foot. The mean time of
double support was 0.10 = 0.03 s for the right foot and 0.11 4 0.03 s for the left foot. We
did not find any difference in the support times between the two feet (paired t-test for the
time of single and double support, respectively; p = 0.20, d = 0.17 and p = 0.55, d = 0.08).

The mean peak plantar pressure of the ten areas of the right and left foot was
132.0 £ 12.5 kPa and 129.1 4 11.2 kPa, respectively. As in the quiet stance condition,
also during gait, the peak plantar pressure averaged over the ten plantar areas did not
show a significant (paired t-test, p = 0.11, d = 1.17) difference between the right and left
foot. Therefore, also in this case, the mean peak plantar pressure of each corresponding
area from both feet was considered for further analysis.

The strong similarity between corresponding areas of the right and left foot is apparent
in Figure 2, showing that both in the case of quiet stance and gait a significant (p < 0.0001)
positive relationship (stance, y = 1.03x + 1.54, R? = 0.99; gait, y = 0.97x + 0.47, R? = 0.99)
existed between mean peak plantar pressures averaged over each of the ten-foot areas of
right and left foot.
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Figure 2. Relationship between the mean peak plantar pressure of each anatomical area of the foot
sole during quiet stance and gait in the right and left foot. Each symbol represents the mean peak
plantar pressure of the corresponding area of both feet of all subjects.

3.4. Peak Pressures of the Foot Areas During Quiet Stance and Gait

As shown in Figure 3, there was a significant difference between quiet stance and
gait condition (F (1,59) = 2345.93, p < 0.001, nzp = 0.98). There was a significant difference
between foot areas (F (4.35,256.99) = 500.51, p < 0.001, nzp =0.89) and a significant interaction
between quiet stance and gait condition and foot areas (F (3.98,234.71) = 207.58, p < 0.001,
nzp =0.78). As shown in Figure 3 and Table 1, during quiet stance (open bars), the highest
mean peak pressures were recorded at the metatarsal heads (from M2 to M4) and the heel
(MH and LH). These areas showed significantly (p < 0.001 and d > 0.6 for all comparisons)
higher pressure than the others. In turn, the pressure at the metatarsal areas M2 and M3
was significantly (p < 0.05 and d > 0.33 for all comparisons) lower than at the heel (MH
and LH). The lowest pressures occurred at the toes (T1 and T2-T5) and at the midfoot (MF)
(p <0.001 and d > 0.5 for all comparisons).

During gait (Figure 3 and Table 1), overall, the profile of the plantar pressure distribu-
tion was superimposable to that during quiet stance. Plantar pressures were significantly
(p <0.001) higher in all areas of the foot sole than the corresponding ones during quiet
stance. As in the latter case, the highest pressures were found at the metatarsal heads (from
M2 to M4) and at the heel (both MH and LH) compared with other areas (p < 0.001 and
d > 3.04 for all comparisons). At variance with a quiet stance, the pressure at the metatarsal
areas M2 and M3 was significantly (p < 0.001 and d > 1.04 for all comparisons) higher than
at the heel (MH and LH). On the contrary, the lowest pressure occurred at the toes (T2-T5,
p <0.001 and d > 2.4 for all comparisons), except for the big toe (T1), which showed a
great increase in pressure with respect to T2-T5 (p < 0.001, d = 6.37), and at the midfoot
(MEF, p <0.001, d > 2.5 for all comparisons). There was no difference in the pressure value
between T2-T5 and MF area (p = 0.07, d = 0.52).

42



J. Funct. Morphol. Kinesiol. 2025, 10, 301

250
O Quiet stance

| Gait

200 1

150 -

100

50 -

0 —o ’l‘ : . . .
M2 M3 M4 M5 MF

T1 T2345 M1

Mean Peak Plantar Pressure (kPa) + SD

MH LH
Foot Plantar Areas

Figure 3. Mean + standard deviation (SD) of peak plantar pressure distribution over the ten anatomi-
cal areas of the foot sole during quiet stance (open bars) and gait (filled bars). T1, big toe; T2,3,4,5,
toes 2 to 5; M1, metatarsal 1; M2, metatarsal 2; M3, metatarsal 3; M4, metatarsal 4; M5, metatarsal 5;
MF, midfoot; MH, medial half of heel; LH, lateral half of heel.

Table 1. Mean =+ standard deviation of peak plantar pressure distribution values over the ten
anatomical areas of the foot sole averaged from both feet during quiet stance and gait.

Peak Pressure (kPa) Peak Pressure (kPa)

Foot Areas

During Quiet Stance During Gait
T1 71+£58 118.6 £ 34.2
T2-5 45+40 59.0 +£20.2
M1 21.3+£77 116.8 £ 17.6
M2 393 +£113 185.4 £ 26.6
M3 43.8 +11.8 1839 £22.4
M4 437 £13.2 153.6 £23.1
Mb 274+ 113 102.2 £ 21.0
MF 159+ 85 49.7 £13.5
MH 59.9 £13.5 165.3 +23.2
LH 498+ 114 157.0 £ 23.3

3.5. Differences in Peak Pressures of the Foot Areas Between Gait and Quiet Stance

To put into evidence the changes in plantar pressure distribution between quiet
stance and gait, we calculated the difference in pressure at each relevant foot area
(Figure 4). As already observed, there was a significant difference between the ten-foot area
(F (3.86,227.97) = 219.03, p < 0.001, n%, = 0.79). It appeared that the difference in pressure
between gait and stance was not evenly distributed but concentrated at the big toe (T1),
metatarsal heads (especially, M2 and M3), and heel (MH and LH); these areas showed a
significantly (p < 0.001, d > 1.3) higher difference than the others. Toes 2 to 5 (12,3,4,5), fifth
metatarsal head (M5), and the midfoot (MF) showed the smallest difference between gait
and stance of all areas (p < 0.001, d > 0.98 for all comparisons).
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Figure 4. Mean + SD of the difference in peak plantar pressure distribution between quiet stance and
gait in the ten anatomical areas of the foot sole, averaged from both feet. T1, big toe; T2,3,4,5, toes 2
to 5; M1, metatarsal 1; M2, metatarsal 2; M3, metatarsal 3; M4, metatarsal 4; M5, metatarsal 5; MF,
midfoot; MH, medial half of the heel; LH, lateral half of the heel.

3.6. Relationships Between Quiet Stance, Gait, and BMI

When the average peak pressures of the ten areas of the foot sole during gait were
correlated with the corresponding pressures during quiet stance, a significant positive
relationship (y = 2.1x + 64.7, p < 0.01, R? = 0.64) (Figure 5) was found. On the contrary, no
relationship was found between the average peak pressure during gait or stance and the
following variables: BMI, gait speed, time of single and double contact, and surface of the
95% confidence ellipse of the CoP and its path (see Table S1).

200
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Mean Peak Plantar Pressure
during Gait (kPa)
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Figure 5. Relationship between the peak plantar pressure of the ten anatomical areas of the foot sole
averaged from both feet during gait and quiet stance. T1, big toe; T2,3,4,5, toes 2 to 5; M1, metatarsal
1; M2, metatarsal 2; M3, metatarsal 3; M4, metatarsal 4; M5, metatarsal 5, MF, midfoot; MH, medial
half of the heel; LH, lateral half of the heel. The dashed line indicates the identity line.

4. Discussion

In this study, we found that, despite the expected quantitative differences in mean
plantar pressures between foot areas and between quiet stance and gait, the distribution
of plantar pressures during gait is only slightly qualitatively different compared to quiet
stance. During the latter condition, the regions of greatest pressure correspond to the heel
and the metatarsals, from the second to the fourth. Conversely, during gait, the areas of
greatest pressure correspond to the big toe and, in a similar way to quiet stance, to the heel
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and the metatarsals. Interestingly, a strong relationship was observed between the peak
pressures at corresponding areas of the foot during stance and gait.

4.1. Plantar Pressures During Quiet Stance

In static conditions, such as quiet standing, the distribution of pressure across the
foot is relatively uniform and stable. Static standing involves minimal movement and
predominantly vertical forces acting on the foot. Under this condition, the body weight
is distributed across both feet, primarily through the heels and the balls of the feet, but
more on the heels. This phenomenon could be related to the known projection of the center
of pressure (CoP) just in front of the ankle [30]. In fact, during quiet stance, the distance
between the internal malleolus and the anterior-posterior position of the CoP is on average
less than 6 cm, corresponding to about 24% of foot length. As suggested by Hennig and
Sterzing [31] and Machado et al. [32], the midfoot may play a key role in balance control
since it seems to be the most sensitive region to somatosensory stimuli. In this context,
Fernandez-Seguin et al. [14] have shown that during quiet stance, the areas where the
greatest pressure is exerted are precisely at the level of the forefoot, second, and third
metatarsal heads, as in our case. This distribution could be explained by the conformation
of the foot, with the bones of the second and third metatarsal heads getting stuck between
the wedge-shaped joints and therefore having less freedom of movement. As a result, they
are less able to distribute the load they receive [33].

4.2. Plantar Pressures During Gait

As shown by Merry et al. [23], in comparing static and dynamic foot support, the
overall pressure distribution appears similar in both conditions, with higher pressures
at the heel and forefoot regions. During gait, the dynamic nature of the task leads to
constantly changing pressure distribution across the foot [2]. Indeed, smooth progression
of the body over the supporting foot during the stance phase is achieved by the actions of
three functional rockers: the heel, the ankle, and the forefoot [17,18]. During foot transitions
through the rocker phases, pressure shifts and concentrates in specific areas. In the heel
strike phase (MH, LH), initial contact generates high pressure. During the ankle rocker
phase, pressure moves toward the midfoot (MF), facilitating dorsiflexion and propulsion. In
the forefoot rocker phase (M2, M3, M4), pressure concentrates under the metatarsal heads,
enabling push-off (T1) [17]. Consequently, the temporal characteristics of pressure change
significantly, and these differences in pressure distribution between static and dynamic
conditions can be attributed to the functional demands of gait [34]. In fact, during walking,
the foot must act as a flexible structure that absorbs shock, adapts to uneven terrain, and
generates propulsive forces. The three rocker phases represent a coordinated sequence of
movements that optimize these functions. This dynamic loading pattern helps distribute
the forces evenly across the foot, reducing the risk of localized pressure-related injuries [35].

4.3. Relationship Between Quiet Stance and Gait

The above considerations explain why the regression between the corresponding areas
of foot pressure during gait and quiet stance in healthy subjects accounts for 64% of the
variance of plantar pressures during gait that can be predicted by quiet stance. Therefore, it
is possible to obtain a rather good estimate of foot pressure distribution during gait from its
distribution during quiet stance. Overall, our results make plantar pressure collection more
accessible to clinical practice, also in terms of the cost and time of evaluations and analyses.
In fact, many studies have only analyzed plantar pressures under static conditions, as
the dynamic analysis requires the availability of a sensorized walkway [14,36,37]. The
relationship between mean plantar pressure in corresponding foot sole areas during gait
and quiet stance is stronger when data points are closer to the regression line. A close
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alignment with the regression line suggests a well-defined, predictable relationship between
pressure points, allowing for an accurate assessment of pressure distribution across the
foot, enabling healthcare professionals to identify high-risk areas with greater confidence.
Understanding these foot support areas is crucial for identifying patients prone to ulcers or
other complications. It also facilitates the development of personalized interventions, such
as insoles or orthopedic shoes, to enhance support and reduce injury risk. Additionally,
monitoring plantar pressure helps evaluate treatment effectiveness in improving foot
support and preventing complications [38].

4.4. Comparison with Literature Findings

In addition to these insights, our study offers a novel and clinically meaningful
advancement over the existing literature. Specifically, Merry et al. (2020) [23] investigated
plantar pressure characteristics to distinguish among sitting, standing, and walking. Their
aim was primarily categorical classification of postures in work environments, especially
concerning plantar heel pain. In contrast, our objective was to analyze whether gait
pressure profiles could be inferred from static measurements in the same individuals,
providing a continuous and predictive biomechanical relationship. Furthermore, our study
involved a substantially large sample size to evaluate spatial and quantitative differences.
Although the overall pattern of plantar pressure distribution in our study was similar to
that reported by [23], one important point of divergence between the two studies lies in
the absolute pressure values reported. In our study, peak plantar pressures during gait
reached values well over 180 kPa in some forefoot areas (e.g., M2 and M3), while Merry
et al. (2020) [23] reported substantially lower regional peak pressures. This discrepancy
can be attributed to multiple methodological factors. For example, we used a resistive
sensor walkway with high resolution and analyzed a well-defined cohort of 60 healthy
adults, whereas Merry et al. (2020) [23] used a different system with a smaller sample
size. In addition, variations in protocol, such as walking both along linear and curvilinear
trajectories, barefoot versus shod conditions, or trial repetitions, may further contribute to
inconsistencies in reported pressure values. These methodological differences highlight
the importance of standardization in plantar pressure studies. However, it should also be
noted that, while absolute values may differ between studies, similar conclusions can still
be drawn.

Although several studies suggest that the peak pressure increases linearly with an
increase in walking speed [19,39,40], we did not find a correlation between walking speed
and plantar pressures or between plantar pressures and the sway area or path during quiet
stance. The lack of correlation between gait speed and plantar pressures may be related
to the different methodologies used in our study compared to others. For example, in the
study by Hughes et al. [19], subjects had to walk at three different speeds, whereas in our
study, subjects walked at their preferred speed. In the latter condition, we found a very
small variation coefficient (13.3%) of the walking speed, which explains the small scatter of
the data and presumably prevented the finding of a significant correlation between plantar
pressures and walking speed.

We did not find a relationship between BMI and peak plantar pressures, either in the
quiet stance or during gait. This is not surprising, since the current literature is unclear as
to whether there is a relationship between peak plantar pressure and BMI during standing.
For example, Lalande et al. [41] found a relationship between peak plantar pressures and
subjects” weight as well as BMI during quiet stance. On the other hand, Arnold et al. [42]
found a positive relationship between increasing body mass and peak and mean plantar
pressure variables for most foot areas, but the relationship was highly dependent on the
area of interest of the foot. However, the correlation between body mass and plantar
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pressure only accounted for 16% of the variance in peak plantar pressure. In addition, the
same authors deliberately increased the body mass of their subjects up to 15 kg, whereas
in our study, the body mass was not varied, thus preventing a sufficient scatter of data
to highlight a possible linear relationship between pressure and BMI. Finally, Phetean
et al. [43] found a weak degree of association between body weight, BMI, and plantar
pressures. Overall, such differences could be explained by differences in the methodology
used in the different studies.

4.5. Limitations

The results of this study should be considered in light of the following limitations.
Firstly, due to the lack of comparable data in the literature, it was not possible to perform
an a priori sample size calculation. However, the number of subjects in our study was
comparable to other studies of gait and foot pressure [44]. Secondly, the number of steps
required to characterize plantar pressure during gait was small (four), but this is a matter
of debate in the literature [45]. In clinical analysis of gait [46], three steps are commonly
used, and three to five steps are thought to be sufficient to record plantar pressure in
adults aged 20 to 35 years [47]. As Kernozek et al. [48] reported for peak pressure, a
minimum of two to three footfalls was needed to reach a reliability coefficient of 0.70,
indicating good reliability, regardless of the foot area considered. In addition, the plantar
pressure distribution obtained in our study was similar to that found in the literature, with
a larger number of footprints [49] and a smaller number of subjects [23]. For example,
Putti et al. [50] found that two to three steps were sufficient to capture consistent pressure
values with excellent intra-subject repeatability. These studies suggest that key pressure
parameters remain stable and reproducible with as few as two steps, especially when
consistent walking protocols are followed.

Finally, comparison of our data with other normative references for plantar pressures
is complicated by a lack of agreement on how to divide the foot and how to examine the
areas under the foot. Despite the different ways of splitting the foot areas, our findings
for plantar pressures are consistent with the literature [41,51,52]. Various approaches have
been used, including expressing pressure as an absolute measure, or scaled to peak plantar
pressure, foot length, body mass, or body mass index for ten, nine, five, or three areas of
the foot [50,53,54]. Despite this variable approach, only small associations between body
weight, body mass index, and plantar pressure data have been reported in the literature,
suggesting that scaling to these parameters is not advantageous [43].

5. Conclusions

In summary, the present study investigated the distribution of plantar pressures in
a sample of young healthy adults in two different conditions, quiet stance and gait. The
results showed that the highest peak pressure was in the heel during stance, rather than in
the metatarsal region and the greater toe, as occurred during gait. However, the overall
similar profile of the plantar pressure distribution under static and dynamic conditions
was reflected by a significant positive correlation between the corresponding areas of
foot pressure during gait and those during quiet stance. This finding allows the pressure
distribution during gait to be estimated to a rather good extent from its distribution during
quiet stance, but, since these results are collected from healthy subjects, they need to be
confirmed in a cohort of patients to be applied in a clinical setting.

The assessment of plantar pressures in healthy individuals during both standing and
walking goes beyond traditional pathological studies to explore the natural biomechanics
of the foot. By directly comparing static and dynamic conditions in the same subjects, this
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approach reveals how the foot adapts to movement, revealing important pressure shifts
that might be overlooked.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/jfmk10030301/s1. Table S1: Linear relationships between the
average value of the ten areas of the right and the left foot sole during gait or stance and BMI, gait
speed, time of single and double contact, and surface of the 95% confidence ellipse of the CoP and
its path.
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Abbreviations

The following abbreviations are used in this manuscript:

CoP Center of pressure
CoM Center of mass

EO Eyes open

kPa Kilopascal

T1 Big toe

T2,3,4,5 Toes2to 5

M1 Metatarsal 1

M2 Metatarsal 2

M3 Metatarsal 3

M4 Metatarsal 4

M5 Metatarsal 5

MF Midfoot

MH Medial half of the heel
LH Lateral half of the heel
SD Standard deviation
ANOVA  Analysis of variance
BMI Body mass index
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Abstract: Background: The early detection of fall risk in older adults is crucial for pre-
vention. This study assessed the 3-Meter Backward Walk Test (3m-BWT) as a predictor of
falls. Methods: A retrospective observational case-control study was conducted with 483
community-dwelling participants (mean age 76.3 £ 6.5 years), including 101 individuals
with a history of falls in the previous 12 months. A standardized battery of functional
assessments was applied. Results: Significant differences were observed between fall-
ers and non-fallers across all functional variables (p < 0.001), with fallers demonstrating
slower performance on the 3m-BWT (6.8 & 3.4 s vs. 5.1 & 1.3 s). The 3m-BWT showed
moderate correlations with Short Physical Performance Battery, 5-repetition Sit-to-Stand,
gait speed, and 4-Square Step Test, and a moderate-to-strong correlation with Timed Up-
and-Go (r = 0.632), even after adjusting for age, sex, and BMI. Although the 3m-BWT
exhibited superior discriminative ability compared to other tests (AUC = 0.655), its predic-
tive power in isolation remains limited. The optimal cut-off point was identified at 5.5 s
(sensitivity: 59.5%; specificity: 68.6%), while a threshold of <3.5 s yielded high sensitivity
(98%) but low specificity, supporting its use in fall risk screening. Conclusions: These
findings support the integration of the 3m-BWT as a complementary tool within compre-
hensive geriatric assessments, particularly in contexts requiring high sensitivity. Given the
multifactorial nature of falls, combining the 3m-BWT with other clinical evaluations and
fall history is recommended to enhance risk stratification and inform preventive strategies.

Keywords: older adults; aging; frailty; falls; fall risk; backward walking; 3 m backward
walk; functional assessment; geriatric evaluation; physical performance

1. Introduction

Aging is a complex process involving structural, functional, and psychological changes,
leading to cellular and organ deterioration, reduced responsiveness, and increased disease
susceptibility [1,2]. This process contributes to geriatric syndromes, particularly frailty,
which is prevalent among older adults and heightens the demand for social and healthcare
services [3,4]. Frailty results from declines in physiological reserve, increasing vulnerability
to stressors, and is characterized by symptoms such as exhaustion, low physical activity,
unintentional weight loss, weakness, and slow gait [5,6]. It is a precursor to disability and
a significant risk factor for falls in older adults [7,8].

Falls are common among older adults, with about 30% of those over 65 experiencing a
fall each year, and the rate increases after age 75 [9,10]. The risk of recurrence within a year
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is approximately 66% [11]. Falls in older adults are caused by a combination of intrinsic
and extrinsic factors, including underlying diseases, medications, psychological factors,
and environmental conditions [12]. Between 10% and 25% of falls result in serious injury,
making them the leading cause of fatal injury and trauma-related hospital admissions in
this population [9,13]. In the United States, the average cost of hospital treatment for a fall
injury exceeds USD 30,000 [14], underscoring the importance of fall prevention and early
risk detection in older adults.

Fall prevention efforts have utilized medical records, questionnaires, and functional
tests to assess patient risk, with such tests being essential in comprehensive geriatric
evaluations. The Timed Up and Go Test (TUG) and 5 Times Sit-to-Stand Test (5STS) are two
of the most widely used functional tests predictive of falls and are widely supported in the
literature. However, none have demonstrated high discriminative accuracy in isolation [15].
Specifically, a TUG time greater than 12 s and a 55TS time greater than 15 s are commonly
used cut-off points to indicate increased fall risk, while gait speed (GS) values below 0.7 to
1.0 m/s, depending on the source, and Short Physical Performance Battery (SPPB) scores
below 8 have also been associated with a higher likelihood of falling in older adults [16-21].
Other tests, such as Hand Grip Strength (HG) and the 4-Square Step Test (45ST), have also
been linked to frailty and fall risk, though without widely accepted cut-off thresholds for
predicting falls [22,23]. These tests primarily assess forward motion or turning, whereas
walking backward, which demands greater neuromuscular and proprioceptive control [24],
is less studied [25]. Thus, exploring functional tests that assess backward walking and their
predictive power for falls in older adults is necessary.

The 3-Meter Backward Walk Test (3m-BWT) is a clinical assessment that measures the
ability to walk backward. It is an innovative functional measure that has been the subject
of studies since 2019 [26]. A recent systematic review, which covered studies published
between 2019 and 2023, evaluated the measurement properties of the test. The results
confirmed its validity and reliability in patients with various clinical conditions, including
community-dwelling older adults, and demonstrated its sensitivity to change, providing
normative data for these populations. However, the authors noted that many of the
included studies had limited sample sizes (less than 100 participants), which restricts the
generalizability of the findings. Therefore, they recommended further research involving
larger samples to obtain more robust evidence regarding the predictive validity of the 3m-
BWT in the assessment of fall risk [27]. This study aims to address that gap by evaluating
the discriminative capacity of the 3m-BWT and establishing optimal cut-off points with
adequate sensitivity and specificity. A 3.5 s threshold has been proposed in older adults,
which may enhance its clinical applicability in fall risk screening [26].

By comparing fallers and non-fallers, this study aims to identify the functional charac-
teristics that most clearly differentiate these groups, thereby enhancing the clinical utility
of the 3m-BWT in fall risk assessment. It also seeks to provide more robust and accurate
information on the predictive ability of the 3m-BWT in older adults, using a larger sample
than previous studies. By strengthening the evidence on its predictive validity, we seek
to support the integration of this test as a potential tool for identifying fall risk within
comprehensive geriatric assessments and to contribute to the development of effective fall
prevention strategies.

2. Materials and Methods
2.1. Study Design

A retrospective observational case-control study was conducted among older adults
to establish reference values for the 3m-BWT in predicting falls. This study is part of a
research project approved by the Ethics Committee for Drug Research of the Salamanca
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Health Area (Protocol Code: PI 2024061702), conducted in accordance with the Declara-
tion of Helsinki [28], and registered on ClinicalTrials.gov on 23 May 2024 (Registration
No.: NCT06434857). This study also adheres to the CONSORT 2010 guidelines [29].

2.2. Study Population

Participants were recruited annually through the Geriatric Revitalization Program
(GRP) coordinated by the University of Salamanca, a community-based initiative aimed at
promoting healthy aging. Recruitment was conducted through open calls in local media and
community centers, and all participants enrolled voluntarily. Inclusion criteria comprised
community-dwelling adults aged 60 years and older who were able to provide informed
consent, complete functional and physical assessments, and follow verbal instructions
adequately. Cognitive status was screened through a brief clinical interview conducted by
trained personnel; individuals with suspected cognitive impairment or a prior diagnosis
of dementia were excluded. Additional exclusion criteria included the presence of central
nervous system disorders associated with neurological deficits (e.g., Parkinson’s disease,
stroke), a history of major surgery or traumatic injury in the previous six months, and
any musculoskeletal or cardiorespiratory condition contraindicating exercise. Individuals
with visual, auditory, or sensory impairments that could compromise test performance
and those with clinically diagnosed orthostatic hypotension were not included. The use
of medication was not a criterion for exclusion, and pharmacological profiles were not
analyzed in the present study. Participants were classified as cases or controls based on
self-reported history of one or more falls within the 12 months prior to assessment.

2.3. Assessment and Outcomes

The evaluation was conducted under standardized and controlled conditions at the
Research Unit of the Faculty of Nursing and Physiotherapy, University of Salamanca. For
this study, the recruitment period took place between May and August 2024, and all testing
sessions were conducted during the second half of September 2024. A pre-trained research
team with over three years of experience in geriatrics was responsible for data collection.
Each test was consistently administered by the same researcher throughout the study to
ensure procedural uniformity and minimize inter-rater variability. Although multiple
researchers participated in the evaluation process, each was assigned a specific test and
conducted only that test across all participants. All assessments followed a standardized
internal protocol (Table S1). To minimize bias, participants were anonymized using coded
identifiers, and group allocation (fallers vs. non-fallers) was determined based on self-
reported falls within the previous 12 months. Prior to participation, all individuals received
detailed verbal and written information and provided written informed consent.

During the structured personal interview, sociodemographic variables (e.g., age and
sex), relevant medical history, and selection criteria were collected. Body composition
was assessed using bioelectrical impedance analysis (TANITA BC-418), recording weight,
height, body mass index (BMI; weight/height?), appendicular skeletal muscle mass (ASM),
and skeletal muscle mass index (SMI; ASM/ height2).

Functional performance was assessed using the 3m-BWT as the main test, alongside
other established functional tests commonly used to predict falls, and evaluated in this
study based on their respective cut-off points. For the 3m-BWT, participants stood with
their backs to a marked line and were instructed to walk backward until both feet had
crossed a second marked line. They were allowed to look back but not to run [26]. The test
was performed three times, and the best time was recorded using a smartphone stopwatch.

In addition to the 3m-BWT, this study included the TUG, which measures the time
needed to rise from a chair, walk 3 m, turn around, return, and sit down; the 55TS, which
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assesses lower limb strength through five consecutive sit-to-stand repetitions; the GS,
calculated from a 4 m walk at usual pace; and the SPPB, a composite score based on balance,
gait speed, and chair rise performance. The HG test evaluates upper limb strength using
a dynamometer, and the 4SST assesses dynamic balance through timed multidirectional
stepping. Full protocols for all tests are available in Supplementary Table S1.

2.4. Sample Size

The sample size was determined using the GRANMO tool version 8, tailored for case—
control studies. Given that the prevalence of falls among older adults is approximately
30%, a 3:1 ratio between controls and cases was anticipated [9]. To achieve an alpha risk of
0.05 and a statistical power greater than 0.8 in a bilateral contrast, 101 cases (fallers) and
353 controls (non-fallers) were needed to detect a minimum Odds Ratio of 2, accounting
for an estimated 5% loss to follow-up.

2.5. Statistical Analysis

The data were analyzed using IBM SPSS Statistics 28.0, employing descriptive mea-
sures and frequencies with a significance level of 0.05. The normality of the data was
verified using box plots and the Kolmogorov—Smirnov test. A descriptive analysis of the
baseline characteristics was conducted for the faller and non-faller groups. The Chi-square
test was employed for categorical variables with a normal distribution, while the McNe-
mar test was used for those with a non-normal distribution. Quantitative variables were
analyzed with the t-test for independent samples when they were normally distributed;
otherwise, the Mann-Whitney U-test was used.

The correlation analysis examined the relationship between the 3m-BWT, other func-
tional variables that predict falls (TUG, 5STS, GS, SPPB), and others related to frailty status
(HG and 4SST) using the Pearson correlation coefficient when the data were normally
distributed and the Spearman coefficient when they were not. In addition, a partial cor-
relation analysis (rp) was performed, controlling for the possible effect of age, sex, and
BMI. Correlations were classified as weak (0.1-0.3), moderate (0.4-0.6), and strong (0.7-1.0),
following Cohen’s classification [30].

The area under the curve (AUC) of the receiver operating characteristic (ROC) curve
was calculated to assess the discriminative ability of the functional tests in identifying
falls. AUC values were interpreted according to established criteria: 0.5-0.6 (fail), 0.6-0.7
(poor), 0.7-0.8 (acceptable), 0.8-0.9 (excellent), and >0.9 (outstanding) [31]. Sensitivity
and specificity were determined at different cut-off points on the ROC curve, as described
in the scientific literature. A detailed analysis of the 3m-BWT test at various cut-off
points was performed to identify the optimal value for detecting falls in older adults,
evaluating its sensitivity and specificity. For each cut-off point, sensitivity, which reflects
the model’s ability to correctly identify positive cases, and specificity, which assesses its
ability to identify negative cases, were calculated. In addition, discriminative capacity was
quantified using the Youden Index (J), providing a comprehensive measure of test accuracy
at each threshold.

3. Results
3.1. Participant Characteristics

In this study, 483 older adults were included with no participant loss, achieving the
expected case—control proportions. Table 1 presents demographic and anthropometric data
for fallers (1 = 101) and non-fallers (1 = 382). Non-parametric tests were used due to the
non-normal distribution of variables.
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Table 1. Comparison of characteristics between non-fallers and fallers.

Variable Non-Fallers (n = 382) Fallers (n = 101) p-Value
Female, (n, %) 328 (85.9%) 92 (91.1%) <0.001
Age (years) 759 £ 6.4 77.6 £ 6.8 0.150
Height (m) 1.54 + 0.08 1.54 + 0.06 0.610
Weight (kg) 64.7 +11.6 66.9 + 11.6 0.151
BMI (kg/m?) 272443 28.3 + 4.6 0.038
SMI (kg/m?) 75409 6.2+09 <0.001
3m-BWT (s) 51+13 6.8 +£3.4 <0.001
TUG (s) 8.6 £1.8 10.1 £33 <0.001
5STS (s) 95+22 114+46 <0.001
GS (m/s) 1.20 £ 0.3 1.07 £ 0.26 <0.001
SPPB 11.6 £ 0.9 109 £1.8 <0.001
HG (Kg) 226 +6.2 21+54 0.018
4SST (s) 64+15 74+£24 <0.001

Values expressed as means =+ standard deviation (SD) and frequencies (n, %).

No statistically significant differences were observed in age between fallers (77.6 & 6.8 years)
and non-fallers (75.9 & 6.4 years; p = 0.150). Although a significant difference in sex distribution
was identified (p < 0.001), the absolute difference was minimal (5.2%) and likely of limited
clinical relevance. Similarly, no significant differences were found in body weight (p = 0.151)
or height (p = 0.610). However, when analyzing body composition variables, a statistically
significant difference was observed in the body mass index (BML; p = 0.038) and skeletal muscle
mass index (SMI; p < 0.001), with fallers showing higher BMI and lower SMI values, indicating
a potential imbalance between fat and lean mass components.

Functional tests showed significant differences between fallers and non-fallers. Fallers
took longer in the 3m-BWT (6.8 = 3.4svs. 5.1 £ 1.3 s; p < 0.001), 55TS (11.4 £ 4.6 s vs.
9.5+ 2.2s; p <0.001), and especially in TUG (10.1 + 3.3 s vs. 8.6 £+ 1.8 s; p < 0.001) tests,
demonstrating the effectiveness of these tests in identifying fall risk. Additional significant
differences were also observed in GS (1.07 = 0.26 m/s vs. 1.20 £ 0.3 m/s; p < 0.001), SPPB
(109 £ 1.8 vs. 11.6 £ 0.9; p < 0.001), HG (21 £ 5.4 kg vs. 22.6 + 6.2 kg; p = 0.018), and 4SST
(74 +24svs. 64 £15s;p<0.001).

3.2. Correlation of 3m-BWT with Functional Variables

A simple correlation analysis (r) and a partial correlation analysis (rp) adjusted for
age, sex, and BMI were performed. The 3m-BWT showed a weak correlation with HG
(r=-0.199; 95% CIL: —0.283, —0.112; rp, = —0.168), suggesting only a slight inverse asso-
ciation between faster 3m-BWT and higher HG, even when adjusted for age, sex, and
BMI. Moderate correlations were identified with the SPPB (r = —0.511, 95% CI: —0.574,
—0.442; rp = —0.477), 5STS (r = 0.528, 95% CI: 0.460, 0.589; rp, = 0.505), GS (r = —0.517, 95%
CL: —0.579, —0.448; rp = —0.469), and 4SST (r = 0.596, 95% CI: 0.547, 0.644; rp = 0.571),
indicating that better functional performance on these measures is associated with faster
3m-BWT times, even after adjustment for sex, age, and BMI. A correlation between moder-
ate and strong was observed with the TUG (r = 0.632, 95% CI: 0.575, 0.682; r, = 0.581). All
of these correlations were statistically significant (p < 0.001), highlighting the significant
association of the 3m-BWT with several functional tests and emphasizing its value in
assessing fall risk in older adults, even when controlling for the effect of age, sex, and
BMI (Table 2).

56



J. Funct. Morphol. Kinesiol. 2025, 10, 154

Table 2. Correlation of 3m-BWT with functional variables predictors of falls.

Functional Variables r (CI 95%) Ip p-Value
TUG?® 0.632 (0.575, 0.682) 0.581 <0.001
55Ts @ 0.528 (0.460, 0.589) 0.505 <0.001

GSs® —0.517 (—0.579, —0.448) —0.469 <0.001
SPPB @ —0.511 (—0.574, —0.442) —0.477 <0.001
HG? —0.199 (—0.283, —0.112) —0.168 <0.001
4SST @ 0.596 (0.547, 0.644) 0.571 <0.001

Values expressed as correlation coefficients and the confidence interval (r CI 95%), partial correlation (age, sex,
and BMI), and p-value (p). #: Spearman correlation coefficient. p-value of r.

3.3. Discriminative Capacity of Functional Tests

Regarding the discriminative capacity of functional tests in older adults who experi-
ence falls compared to those who do not, significant results were observed in all variables
(p = 0.001), except for HG (p = 0.18; AUC = 0.424; 95% C1 0.363-0.484) (Table 3). The findings
indicate that the 3m-BWT is the most effective test for identifying falls, with an AUC of
0.655 (95% CI: 0.592-0.719) and a p-value of 0.001 (Figure 1). However, this AUC still
reflects limited discriminative ability, and its clinical use as a standalone predictor should
be considered with caution.

Table 3. Global discriminative capacity of functional tests to identify falls in older adults.

Functional Variable AUC 95% CI for AUC p-Value

3m-BWT 0.655 0.592-0.719 <0.001

TUG 0.637 0.573-0.702 0.011

5STS 0.636 0.573-0.699 <0.001
GS 0.362 0.303-0.422 <0.001

SPPB 0.415 0.349-0.482 0.013
4SST 0.630 0.566-0.694 <0.001

HG 0.424 0.363-0.484 0.180

The values express the discriminatory capacity of the model according to the AUC, its confidence interval (95%
CI), standard error, and p-value.
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Figure 1. ROC curve of the 3m-BWT for identifying falls in older adults.

The TUG demonstrated the second highest discriminative ability, with an AUC of
0.637 (95% CI: 0.573-0.699). The 55TS had an AUC of 0.636 (95% CI: 0.573-0.699), and
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the 45ST showed an AUC of 0.630 (95% CI: 0.566-0.694). The SPPB, a composite measure
of physical performance, exhibited an AUC of 0.415 (95% CI: 0.349-0.482), indicating a
moderate capacity to discriminate fallers, with a p-value of 0.013. In contrast, the HG test
demonstrated limited discriminatory power, with an AUC of 0.424 (95% CI: 0.363-0.484)
and a non-significant p-value of 0.18. The GS had the lowest discriminative capacity among
the significant tests, with an AUC of 0.362 (95% CI: 0.303-0.422) and a p-value of 0.001.

3.4. Sensitivity and Specificity of Various Cut-Off Points

Various cut-off points of the 3m-BWT were analyzed to detect fall risk in older adults.
The lowest cut-off points (3.0-4.5 s) showed high sensitivity (99.0% to 79.2%) but low speci-
ficity (2.1% to 37.7%), reflecting high fall detection but with numerous false positives and
limited discriminative ability (J = 0.011 to 0.169). As the cut-off time increased, sensitivity
decreased (46.5% at 6.0 s to 26.7% at 7.5 s), while specificity improved significantly (50.0%
to 95.5%). The optimal cut-off point, with a low discriminative ability, was observed at
5.5 s (J = 0.280), balancing sensitivity (59.5%) and specificity (68.6%). Thus, in order to
consider the predictive value, it is more optimal to consider the cut-off point with the
highest sensitivity (3.5 s) and thus be able to identify people who may be at higher risk
of falling. However, these results highlight the possibility of adjusting the cut-off point
depending on the clinical context and objective. The full data are presented in Table 4.

Table 4. Discriminative capacity of falls at different cut-off points of the 3m-BWT.

Cut-Off Points Sensitivity (%) Specificity (%) Youden’s Index (J)
3.0s 99.0 2.1 0.011
35s 98.0 9.8 0.079
4.0s 89.1 22.8 0.119
45s 79.2 37.7 0.169
50s 63.4 50.0 0.134
55s 59.5 68.6 0.280
6.0s 46.5 76.4 0.230
6.5s 37.6 86.1 0.237
7.0s 34.7 92.1 0.268
75s 26.7 95.5 0.222

The values in real numbers represent the sensitivity, specificity, and discriminatory capacity (J) of different
cut-off points.

4. Discussion
4.1. Main Findings

In this study, we evaluated the 3m-BWT as a practical and alternative functional
assessment tool to predict fall risk in older adults. By analyzing data from 483 participants,
we demonstrated its potential for identifying individuals at a high risk of falls, offering a
simple yet effective option for clinical and community settings. The proportion of fallers in
our sample (18.95%; n = 101) was slightly lower than previously reported (30%) [9]. Our
results do not align with previous studies reporting an increased incidence of falls with
advancing age [32,33], as no statistically significant age differences were found between
fallers and non-fallers in our sample. However, we did confirm the association between
a lower SMI and higher fall risk, consistent with previous research [34,35]. Significant
differences in functional variables such as the TUG, 55TS, GS, SPPB, HG, and 4SST indicate
that poorer performance in these components—reflected by slower times, lower strength, or
reduced scores—is associated with increased fall risk. Among these, the 3m-BWT showed
the largest difference between fallers and non-fallers, suggesting it may offer superior
discriminative ability. However, despite being the best-performing test in our study, its
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overall discriminative capacity remains modest, and it should not be used as a standalone
tool for fall prediction. These findings underscore the need for interventions focused on
maintaining muscle mass and functionality to prevent falls in older adults, consistent with
prior research [36].

The 3m-BWT reveals a significant difference of 1.71 s between fallers and non-fallers,
which is statistically notable since the minimum detectable change in this population
is 1.52 s [37]. This suggests that the 3m-BWT could be a valid tool for identifying and
predicting fall risk, as it detects greater time differences in those who fall compared to those
who do not. The 3m-BWT shows moderate correlations with other functional tests used for
fall detection, such as the 55TS, SPPB, GS, and 4SST. It has a particularly strong relationship
with the TUG, the most commonly used fall predictor [38]. Despite the different movements
emphasized by the TUG and 3m-BWT, studies report similar correlations between them [27].
These findings support the potential use of the 3m-BWT as an additional fall prediction
tool, as walking backward challenges postural control systems [24].

4.2. Clinical Implications

Backward walking with assistance from a parallel has been shown to be an important
functional predictor of falls, surpassing even forward walking speed or the TUG in inde-
pendent community-dwelling older adults [39,40]. These findings have been supported
by performing the same movement unassisted by the 3m-BWT in our study. Although
the 3m-BWT demonstrated the highest discriminative capacity among the tests evaluated
in this study, its AUC of 0.655 still reflects poor overall discriminative ability. Therefore,
it should not be used as a standalone tool to predict fall risk in older adults. Instead, its
value lies in its potential as a complementary screening measure, especially in settings
where high sensitivity is prioritized. For example, a cut-off point below 3.5 s shows high
sensitivity but low specificity, making it useful to identify individuals at higher risk of
falling, despite the risk of false positives. Conversely, specific populations such as those
with Parkinson’s disease or multiple sclerosis may require adjusted thresholds, as indicated
in previous research [41-43]. However, it is important to note that the different cut-off
values explored in this study (e.g., 3.5 s and 5.5 s) have not yet been validated across specific
clinical subgroups or in prospective designs. Future research should aim to confirm the
predictive validity of these thresholds in relation to incident falls in diverse populations.
Our findings support the integration of the 3m-BWT within a broader battery of functional
assessments to help detect mobility limitations, rather than relying on it in isolation. These
results are not surprising, as other commonly used tests, such as the TUG, SPPB, GS, HG,
or 4SST, also do not show adequate discriminative ability to predict falls in older adults
when used in isolation [44—47]. Further research is needed to develop a comprehensive
fall risk assessment tool that can accurately identify common and individual risk factors.
Falls are multifactorial, suggesting the need to explore other associated factors that may
not influence performance on a balance test [44].

In settings where it is crucial to detect the highest number of individuals at risk, a
cut-off point of 3.5 s identifies 98% of positive cases, albeit with a high false positive rate.
This result reinforces previous findings, where the same cut-off point was reported but with
a lower sensitivity (74%) than in our study [26]. If the aim is to find a more balanced cut-off
point, we propose adjusting it to 5.5 s (0.72 m/s), taking advantage of the larger sample
size. This threshold has sufficient sensitivity (59.5%) and specificity (68.6%), achieving
balanced values comparable to previous studies, reducing false positives, and improving
accuracy [25,26].

When interpreting the results, it is important to acknowledge this study’s limita-
tions and consider recommendations for future research. The sample may not be fully
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representative of the general population, as it excludes institutionalized or hospitalized
individuals, potentially affecting the generalizability of the findings. Additionally, this
study did not account for all factors influencing falls, such as environmental, physiological,
and psychological factors. Key aspects of physical performance, including stride length,
proprioception, and attention, which might impact test results, were also not assessed.
Falls were identified based on participants’ self-reports over the past year, which could be
affected by memory issues or biases, and whether the individual had fallen one or more
times was not recorded.

4.3. Limitations, Recommendations, and Future Perspectives

To address these limitations, future research should include more representative sam-
ples across various ages, genders, and health statuses, including institutionalized and
hospitalized individuals. It should also be noted that participants in this study were re-
cruited from a voluntary healthy aging program, which may have introduced a selection
bias toward a more functional and motivated population. This may limit the generalizabil-
ity of the findings to more frail, institutionalized, or hospitalized populations. Longitudinal
studies are needed to evaluate the test’s effectiveness over time, track predictive changes
in risk variables, and measure the impact of preventive interventions. Moreover, future
studies should distinguish between single and recurrent falls, as this may improve the
clinical relevance of the 3m-BWT and allow for more detailed analyses. Although partial
correlations were adjusted for age, sex, and BMI, other potential confounders—such as
comorbidities, medication use, cognitive status, and physical activity levels—were not
controlled for. This represents an important limitation, and future studies should consider
multivariate analyses that account for these variables to strengthen the validity of the find-
ings. Additionally, relevant functional domains such as proprioception, cognitive function,
dual-task gait performance, and reaction time—which are known to influence fall risk—
were not evaluated in this study. It should also be acknowledged that the sample included
a higher proportion of non-fallers than fallers, which could affect the generalizability of the
group comparisons; however, this distribution is expected in community-dwelling older
adult populations, where the prevalence of falls typically ranges from 20% to 30%. These
omissions should be acknowledged as limitations, and future research is encouraged to
incorporate these measures to enhance the comprehensiveness of fall risk assessments.

The results suggest that older adults who complete the 3m-BWT in less than 3.5 s
are less likely to have a history of falls, while the risk appears to increase significantly
above this time. However, as this is a cross-sectional study, these results should not be
interpreted as predictive of future fall risk. Although the 5.5 s point offers a reasonable
balance, its limitations highlight the need for further research in diverse populations to
optimize predictive accuracy. Furthermore, the 3m-BWT should not be considered as a
sole diagnostic tool but as part of a comprehensive geriatric assessment, combining it with
other instruments and considering factors such as history of falls, individual characteristics,
and other functional tests [44—47]. This will allow for a more accurate and personalized as-
sessment of fall risk. Developing personalized fall risk protocols with specific interventions
and ongoing follow-up could further enhance fall prevention efforts.

5. Conclusions

The findings of this study support the potential of the 3m-BWT as a complementary
functional tool in the assessment of fall risk in older adults, highlighting its superior
discriminatory ability compared to widely used tests such as the TUG, GS, and SPPB.
However, its limited sensitivity and specificity underscore that it should not be used as a
sole method, given the multifactorial nature of falls.
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Test execution time emerges as a relevant indicator: Values below 3.5 s suggest min-
imal risk, while exceeding 5.5 s could signal greater vulnerability, albeit with predictive
limitations. These results reinforce the need to integrate the 3m-BWT within a multidimen-
sional approach, combining it with clinical assessments, falls history, and other functional
tests to improve risk stratification.

Future research should explore the optimization of cut-off points, their validity in
heterogeneous populations, and their interaction with other risk factors. In the meantime,
the application of personalized protocols, accompanied by targeted interventions and
continuous monitoring, could enhance more effective preventive strategies in the geriatric
population. The 3m-BWT thus represents a promising advance, but its clinical utility will
depend on a contextualized and holistic implementation.

Supplementary Materials: The following supporting information can be downloaded at https:
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Abbreviations

The following abbreviations are used in this manuscript:

3m-BWT 3-Meter Backward Walk Test

4SST 4-Square Step Test

55TS 5 Times Sit-to-Stand Test

ASM Appendicular Skeletal Muscle Mass
AUC Area Under the Curve

BMI Body Mass Index

GRP Geriatric Revitalization Program
GS Gait Speed

HG Hand Grip Strength
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ROC Receiver Operating Characteristic
SMI Skeletal Muscle Mass Index

SPPB Short Physical Performance Battery
TUG Timed Up and Go Test
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Abstract

Background: Gait impairments are common in individuals with knee osteoarthritis await-
ing total knee arthroplasty, affecting their mobility and quality of life. This study aimed to
assess and compare biomechanical gait features between individuals awaiting total knee
arthroplasty and healthy, non-arthritic controls, focusing on less-explored variables us-
ing sensor-based measurements. Methods: A cross-sectional observational study was
conducted with 60 participants: 21 individuals awaiting total knee arthroplasty and
39 nonarthritic controls aged 64-85 years. Participants completed a standardized 14 m walk,
and 17 biomechanical gait parameters were measured using the BTS G-Walk inertial sensor.
Key variables, such as stride duration, cadence, symmetry indices, and pelvic angles, were
analyzed for group differences. Results: The pre-total knee arthroplasty group exhibited
significantly longer gait cycles and stride durations (p < 0.001), reduced cadence (p < 0.001),
and lower gait cycle symmetry index (p < 0.001) than the control group. The pelvic angle
symmetry indices for tilt (p = 0.014), rotation (p = 0.002), and obliquity (p < 0.001) were also
lower. Additionally, the pre-total knee arthroplasty group had lower propulsion indices
for both legs (p < 0.001) and a lower walking quality index on the right leg (p = 0.005).
The number of elaborated steps was significantly greater in the pre-total knee arthroplasty
group (left, p < 0.001, right: p < 0.001). No significant differences were observed in any
other gait parameters. Conclusions: This study revealed significant gait impairment in
individuals awaiting total knee arthroplasty. Although direct evidence for prehabilitation is
lacking, future research should explore whether targeted approaches, such as strengthening
exercises or gait retraining, can improve gait and functional outcomes before surgery.

Keywords: gait impairments; knee osteoarthritis; total knee arthroplasty; wearable sensors;
gait biomechanics

1. Introduction

Knee osteoarthritis is a common chronic degenerative joint disease characterized by
stiffness, discomfort, and reduced joint function. In its advanced stages, knee osteoarthritis
leads to significant physical impairment, pain, and disability, severely restricting daily
activities such as walking, standing, and climbing stairs [1-3]. Consequently, the burden of
knee osteoarthritis is not only felt physically but also socially and psychologically, affecting
overall well-being and productivity [4]
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Total knee arthroplasty (TKA) is regarded as the most effective treatment for indi-
viduals with advanced knee osteoarthritis, as it alleviates symptoms and improves mobil-
ity [5-7]. However, patients awaiting TKA often experience substantial gait impairment,
which compromises their mobility, balance, and stability [8,9]. These gait disturbances in-
clude reduced walking speed, prolonged gait cycle duration, and increased asymmetry, all
of which contribute to an elevated risk of falls and decreased independence in performing
activities of daily living [10-12].

Recent systematic reviews have emphasized the critical role of gait impairment as an
indicator of functional decline in patients with knee osteoarthritis. For example, Favre and
Jolles [13] provided a reference dataset on lower limb biomechanics in knee osteoarthritis,
underscoring the importance of gait analysis in understanding the disease progression.
Meta-analyses have also shown that reduced walking speed and asymmetry correlate with
knee osteoarthritis severity and can predict outcomes after TKA [14].

Wearable sensor technology has emerged as a valuable tool for assessing and quanti-
fying gait biomechanics in clinical and research settings. Devices such as the BTS G-Walk
inertial sensor provide noninvasive, real-time evaluations of gait parameters, including
cadence, gait cycle duration, stride length, and symmetry [15-19]. These sensors allow for
detailed gait analysis, enabling clinicians to track gait abnormalities over time and develop
targeted prehabilitation and rehabilitation strategies to improve functional outcomes before
surgery [20,21].

The primary aim of this study was to evaluate the biomechanical gait features of
pre-TKA individuals and compare them with those of healthy, nonarthritic controls using
inertial sensor-based measurements. While previous studies have explored general gait
impairments in patients with knee osteoarthritis, they have primarily concentrated on basic
parameters such as gait speed and cadence [10,11,14,21,22]. This study further investigated
less-studied parameters, particularly pelvic motion asymmetries (e.g., pelvic tilt, rotation,
and obliquity) and the propulsion index, which provide new insights into the compensatory
strategies employed by individuals before TKA. By using advanced wearable technology to
track these parameters, we aimed to uncover compensatory movement patterns and biome-
chanical dysfunctions in the pre-TKA group before surgery. These findings may inform the
development of targeted presurgical interventions to optimize postoperative recovery.

2. Materials and Methods
2.1. Participants

The study included 21 patients with primary knee osteoarthritis (3 males and
18 females) with a mean age of 73.57 & 6.44 years and 39 volunteers without arthritis
(10 males and 29 females) with a mean age of 71.59 & 4.81 years. Cases and controls were
matched individually based on age, sex, and body mass index (BMI), with each knee os-
teoarthritis patient paired with approximately 1.9 non-arthritic controls. Matching criteria
were selected to control for potential confounding factors, such as age, sex, and BMI, which
are known to affect gait performance and may influence study outcomes. Patients with
end-stage unilateral primary knee osteoarthritis scheduled for TKA were recruited. The in-
clusion criteria required participants to walk independently without the use of ambulatory
aids. Individuals with neurological, cardiorespiratory, or severe orthopedic conditions that
impaired mobility were excluded. The normal non-arthritic group comprised healthy indi-
viduals with no history of orthopedic or neurological disorders, recent injuries, surgeries,
or medications that could affect their gait or balance.

Before participation, all participants provided written informed consent after receiving
a detailed explanation of the study objectives. This study adhered to the principles of
the Declaration of Helsinki and was approved by the Institutional Review Board (IRB)
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of the School of Physical Education and Sport Science at the National and Kapodistrian
University of Athens, Greece (Approval Number: 1306/22-09-2021).

2.2. Instrumentations

Gait analysis was conducted using the G-Walk wireless inertial sensor (BTS Bioengi-
neering S.p.A., Milan, Italy), which integrates a triaxial accelerometer, gyroscope, and mag-
netometer. The G-Walk system has demonstrated high test-retest reliability (ICCs > 0.90)
and strong agreement with motion capture systems for parameters such as gait cycle dura-
tion, cadence, and step length [15-19]. The algorithms used primarily rely on accelerometer
and gyroscope data, with the magnetometer contributing to orientation tracking, particu-
larly for pelvic rotation. All trials were performed on flat, nonmetallic indoor surfaces to
minimize magnetic interference.

The triaxial accelerometer offers multiple sensitivity settings with dynamic ranges
of +2, £4, 48, and £16 g, operating within a bandwidth of 4-1000 Hz and providing
16-bit precision per axis. The magnetometer features a 13-bit resolution, dynamic range of
£1200 pT, and bandwidth of up to 100 Hz. The gyroscope also provides 16-bit precision
per axis, with sensitivity options of =250, 500, 1000, and +2000° /s and a bandwidth
range of 4-8000 Hz.

Additionally, the module is equipped with a GPS receiver that ensures high positional
accuracy, offering 2.5 m accuracy at up to 5 Hz or 3 m accuracy at up to 10 Hz with
a bandwidth of up to 10 Hz.

In terms of dimensions, the device measures 70 mm x 40 mm x 18 mm (2.75 x 1.57 x 0.7in)
and supports acquisition frequencies of up to 1000 Hz. For data collection, it was connected
to a laptop via Bluetooth 3.0, with a transmission range of up to 60 m in a direct line of sight.

2.3. Data Collection Protocol

During testing, the sensor was secured inside a semi-elastic black belt positioned over
the participants” S1-52 vertebrae. This study was conducted in three sequential phases:
(1) data collection, (2) analysis, and (3) interpretation of the results. These steps were
completed without strict time tracking.

During the data collection phase, the participants followed a 14 m walking protocol.
Prior to the test, they received clear instructions to ensure the consistency and reliability
of the results. The test began with the participants standing still for a moment to allow
for stabilization. Upon receiving a signal, the participants walked along a straight path at
a steady and moderate pace. The objective was to complete at least five full gait cycles over
a 14 m distance before turning around.

Before each turn, the participants paused for at least one second to regain stability and
then turned and paused again for another second before proceeding in the opposite direc-
tion. This approach helps minimize variability while preserving natural walking patterns.

Each participant completed at least two trials of the 14 m walk, with additional
trials permitted to ensure reliable data and confirm gait pattern consistency. As this was
a cross-sectional study, no follow-up was required, and all data were collected at a single
time point.

2.4. Data Analysis

Gait data were collected using Bluetooth 3.0 and transmitted in real time to a computer
for further processing. G-Studio software (version 1.3.0) was used to analyze the data,
applying automated filters to eliminate noise and correct inconsistencies in the walking
patterns. The software then uses built-in algorithms to calculate the various spatiotemporal
gait parameters. These algorithms transform raw motion sensor signals into clinically
relevant gait metrics. Their accuracy was confirmed through internal calibration procedures
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and validation studies against gold-standard motion capture systems. Previous studies

have also shown strong correlations between parameters calculated from wearable sensors

and directly measured joint kinematics, supporting the reliability of this approach [15-19].

The extracted gait parameters were categorized into three main groups:
Global analysis parameters
These parameters provide an overview of the walking pattern and include the following:

Cadence (steps/min): number of steps taken per minute.

Speed (m/s): average walking velocity.

Symmetry index of the gait cycle: this index measures the percentage of symme-
try between the anterior and posterior acceleration curves during the right and left
gait cycles.

Symmetry index of pelvic angles (tilt, obliquity, rotation): This index assesses the
percentage similarity or difference in pelvic movements recorded during the right and
left gait cycles. These angles were measured in three anatomical planes—sagittal (tilt),
frontal (obliquity), and transverse (rotation) planes.

Side-specific parameters (Left and Right)

These parameters focus on the individual foot movements and gait cycle dynamics

for each leg:

Stride length (m): the average distance covered between consecutive initial contacts of
the same foot.

Stride length as a percentage of height (% height): normalized stride length relative to
the participant’s height.

Gait cycle duration (s): time interval between two consecutive heel strikes of the
same foot.

Step length (% stride length): the average distance between the initial foot contact and
the next contact made by the opposite foot.

Stance phase (% cycle): percentage of the gait cycle during which the foot remains in
contact with the ground.

Swing phase (% cycle): the percentage of the gait cycle during which the foot is in
motion and not in contact with the ground.

Double support phase (% cycle): percentage of the gait cycle in which both feet are
simultaneously in contact with the ground.

Single support phase (% cycle): percentage of the gait cycle in which only one foot is
in contact with the ground.

Elaborated steps: total number of strides considered in the analysis.

Propulsion index: represents the inclination of the line following the rising edge of the
acceleration pattern.

Walk quality index

The walk quality index is a composite measure that evaluates gait efficiency, stability,

and symmetry by integrating key gait parameters such as step length, cadence, symmetry,

and variability. A higher score indicates a more efficient, stable, and symmetrical walking

pattern, whereas a lower score indicates a less efficient, unstable, or more variable gait.

2.5. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics version 29.0 (IBM Cor-

poration, Somers, NY, USA). Data are presented as mean =+ standard deviation (SD) or,

for non-normally distributed variables, as the median with interquartile range (IQR).
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The Kolmogorov-Smirnov and Shapiro-Wilk tests were used to assess the normality of
the data.

To compare the groups, an independent samples f-test and Fisher’s exact test were
used to evaluate homogeneity between the groups. If the normality assumptions were
violated, the Mann-Whitney U test was used to analyze the differences between the groups.
Effect sizes were reported alongside p-values: Cohen’s d for t-tests and rank-biserial
correlation (r) for Mann-Whitney U tests, providing a more comprehensive understanding
of the practical significance of the observed differences.

A priori power analysis was conducted using GPower (version 3.1) to determine the
required sample size for detecting large effect sizes (Cohen’s d =~ 0.8) at a significance
level of p < 0.05, with a target power of 80%. All statistical tests were two-tailed, with
significance set at p < 0.05.

3. Results

The demographic characteristics of the participants are presented in Table 1. The pre-
TKA group had a mean age of 73.57 & 6.44 years, whereas the normal non-arthritic
group had a mean age of 71.59 & 4.81 years, with no significant difference between the
groups (p = 0.229). Similarly, no significant differences were observed in weight (pre-TKA:
82.29 4 16.92 kg, normal: 77.96 & 9.66 kg; p = 0.270), height (pre-TKA: 165.52 & 7.23 cm,
normal: 163.81 £ 7.45 cm; p = 0.429), BMI (pre-TKA: 30.01 + 5.75, normal: 29.15 £ 3.97;
p = 0.541), or shoe size (pre-TKA: 39.76 £ 2.26, normal: 39.81 &+ 3.98; p = 0.332). Sex distri-
bution was comparable among the groups (p = 0.704).

Table 1. The demographic characteristics of the participants included in this study are presented as
means and standard deviations for normally distributed variables and medians with interquartile
ranges for non-normally distributed variables.

Knee
Osteoarthritis Controls (1 = 39) p Value
(n=21)
Age (years) 73.57 £ 6.44 71.59 £+ 4.81 0.229
Weight (kg) 82.29 +16.92 77.96 £ 9.66 0.270
Height (cm) 165.52 +7.23 163.81 +7.45 0.429
BMI 30.01 +5.75 29.15 + 3.97 0.541
Shoe size (EU) 39.76 +2.26 39.81 4+ 3.98 0.332¢

Gender, Male/Female, N (%) 3 (14.3)/18(85.7) 10 (25.6)/29 (74.4) 0.704

# p-value based on Mann-Whitney U test; shoe size reported as median (IQR) due to non-normal distribution.

Table 2 summarizes the gait parameters of the two groups. Significant differences
were observed in several gait parameters. First, the gait cycle duration was significantly
longer in the pre-TKA group than in the normal group for both the left (1.36 £ 0.14 vs.
1.11 £ 0.06 s, p < 0.001, Cohen’s d = 2.17) and right (1.35 + 0.14 vs. 1.11 £ 0.07 s, p < 0.001,
Cohen’s d = 2.17) sides, with large effect sizes, indicating substantial differences. Similarly,
stride duration was significantly longer in the pre-TKA group for both the left (1.37 £ 0.16
vs. 1.11 £ 0.06 s, p< 0.001, Cohen’s d = 2.15) and right (1.36 & 0.16 vs. 1.11 4+ 0.07 s, p < 0.001,
Cohen’s d =2.02) legs.

In addition, cadence was significantly lower in the pre-TKA group (91.12 £ 9.02 vs.
108.78 £ 6.64 steps/min, p < 0.001, Cohen’s d = —2.23) with a large effect size. Sim-
ilarly, walking speed was significantly slower in the pre-TKA group (0.87 £ 0.16 vs.
1.11 £0.14 m/s, p < 0.001, Cohen’s d = —1.60).
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Table 2. Gait parameters in patients with severe knee osteoarthritis prior to total knee arthroplasty
and in the non-arthritic control group are presented as means and standard deviations (SDs) for
normally distributed variables and as medians with interquartile ranges (IQRs) for non-normally

distributed variables.

Knee
Parameter Osteoarthritis Controls
Effect Size
Mean + SD Mean + SD p Value (Cohen’s d)
Left gait cycle duration (s) 1.36 £0.14 1.11 £ 0.06 0.000 217
Right gait cycle duration (s) 1.35£0.14 1.11 £0.07 0.000 217
Cadence (steps/min) 91.12 +9.02 108.78 + 6.64 0.000 —2.23
Speed (m/s) 0.87 £0.16 1.11 £0.14 0.000 —1.60
Left stride duration (s) 1.37 £0.16 1.11 £ 0.06 0.000 2.15
Right stride duration (s) 1.36 £ 0.16 1.11 £ 0.07 0.000 2.02
Left stance duration (%) 60.95 £ 5.16 60.80 + 2.34 0.892 0.04
Right stance duration (%) 60.66 + 5.07 60.15 4+ 2.90 0.663 0.12
Left stride length (m) 1.18 £0.20 1.23 £0.15 0.274 —0.28
Right stride length (m) 1.18 £ 0.19 123 +£0.15 0.277 —0.29
First left double support (%) 11.18 £ 2.02 10.26 +2.38 0.163 0.42
Left single support (%) 39.14 +4.88 39.65 £ 2.67 0.646 —0.13
Right single support (%) 38.79 +5.22 39.10 £ 1.91 0.773 —0.08
Right swing duration (%) 39.34 £+ 5.07 39.85 +£2.90 0.663 —0.12
Left propulsion index 3.78 £1.47 6.45 = 1.30 0.000 -1.92
Right propulsion index 4.01 +£1.58 6.45 £ 1.42 0.000 —-1.62
Right walk quality index 91.47 £5.30 94.91 +2.65 0.005 —0.82
Median = IQR  Median 4+ IQR p value Effect Size (r)
Left elaborated steps (s) 11.0 + 6.0 8.0+ 2.0 0.000 0.66
Right elaborated steps (s) 11.0 £ 5.0 8.0+£20 0.000 0.69
Symmetry index of gait cycle 92.7 £14.85 97.0+24 0.000 0.71
% Left stride length (% height) 69.1 £18.25 759 £11.7 0.143 0.17
% Right stride length (% height) 69.5 + 17.65 754 4+ 109 0.132 0.18
Left swing duration (%) 393 £6.6 38.5+£32 0.893 0.01
First right double support (%) 10.2 £ 3.1 11.8 4.3 0.417 0.08
Left walk quality index 93.5+ 6.8 959 +43 0.036 0.21
Tilt—symmetry index of pelvic angles 50.5 +49.1 742 £274 0.014 0.28
Obliquity—symmetry index of pelvic angles 90.3 +9.8 98.7+0.8 0.000 0.52
Rotation—symmetry index of pelvic angles 94.8 & 4.1 98.1+24 0.002 0.40

However, no significant differences were observed in stance duration for the left

(60.95 £ 5.16 vs. 60.80 £ 2.34%, p = 0.892, Cohen’s d = 0.04) or right (60.66 + 5.07 vs.
60.15 4= 2.90%, p = 0.663, Cohen’s d = 0.12) side, with very small effect sizes. Likewise, no
significant differences were found in stride length for the left (1.18 £ 0.20 vs. 1.23 £ 0.15 m,
p = 0.274, Cohen’s d = —0.28) or right (1.18 = 0.19 vs. 1.23 £ 0.15 m, p = 0.277, Cohen’s
d = —0.29) sides.

Moreover, the first left double support was not significantly different between the
groups (11.18 = 2.02 vs. 10.26 £ 2.38%, p = 0.163, Cohen’s d = 0.42). Similarly, no significant
differences were found in the left single support (39.14 & 4.88 vs. 39.65 £ 2.67%, p = 0.646,
Cohen’s d = —0.13) or right single support (38.79 £ 5.22 vs. 39.10 £ 0.91%, p = 0.773,
Cohen’s d = —0.08) times. The right swing duration was not significantly different between
the groups (39.34+ 5.07 vs. 39.85 £ 2.90%, p = 0.663, Cohen’s d = —0.12).

In contrast, the left (3.78 = 1.47 vs. 6.45 4+ 1.30, p < 0.001, Cohen’s d = —1.92) and right
(4.01 £ 1.58 vs. 6.45 + 1.42, p < 0.001, Cohen’s d = —1.62) propulsion indices were signif-
icantly lower in the pre-TKA group, with large effect sizes. Furthermore, the right walk
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quality index was significantly lower in the pre-TKA group (91.47 & 5.30 vs. 94.91 £ 2.65,
p = 0.005, Cohen’s d = —0.82).

The elaborated steps were significantly longer in the pre-TKA group for both the left
(11.00 £ 6.00 vs. 8.00 +2.00 s, p < 0.001, r = 0.66) and right (11.00 £ 5.00 vs. 8.00 +2.00s,
p < 0.001, r = 0.69) sides, with moderate effect sizes. However, the symmetry index of
the gait cycle was significantly lower in the pre-TKA group (92.7 & 14.85 vs. 97.0 £ 2.4,
p <0.001, r = 0.71), indicating more asymmetrical gait patterns in the pre-TKA group.

Regarding stride length as a percentage of height, there were no significant differences
between the left (69.1 4= 18.25 vs. 75.9 £ 11.7%, p = 0.143, r = 0.17) and right (69.5 £ 17.65 vs.
75.4 £ 10.9%, p = 0.132, r = 0.18). Similarly, the left swing duration showed no significant
difference (39.3 &= 6.6 vs. 38.5 & 3.2%, p = 0.893, r = 0.01). The first right double support
was not significantly different (10.2 £ 3.1 vs. 11.8 £ 4.3%, p = 0.417, r = 0.08).

Finally, the left walk quality index was significantly lower in the pre-TKA group
(93.5 & 6.8 vs. 959 + 4.3, p = 0.036, r = 0.21). In addition, significant differences were
observed in the symmetry indices of pelvic angles for tilt (50.5 £ 49.1 vs. 74.2 £+ 274,
p = 0.014, r = 0.28), obliquity (90.3 + 9.8 vs. 98.7 £ 0.8, p < 0.001, r = 0.52), and rotation
(94.8 £ 4.1 vs. 98.1 = 2.4, p =0.002, r = 0.40), with moderate-to-large effect sizes, indicating
more asymmetrical gait patterns in the pre-TKA group.

4. Discussion

This study compared the gait characteristics between individuals pre-TKA and those
in a normal non-arthritic group, providing valuable baseline data for future research.
The findings revealed significant differences in gait cycle duration, cadence, stride duration,
propulsion indices, symmetry, and other gait phase alterations, with large effect sizes for
many variables, indicating substantial gait impairment in the pre-TKA group. These results
underscore the significant gait impairments in pre-TKA individuals, which could affect
their mobility and functional performance [23].

In particular, the pre-TKA group exhibited significantly longer gait cycle and stride
durations (p < 0.001), indicating a slower walking pattern, which is consistent with previous
findings in patients with knee osteoarthritis [24,25]. These results support the view that
individuals with knee osteoarthritis often adopt cautious and pain-avoiding gait strategies.
However, stride length did not differ significantly between the groups (left, p = 0.274; right,
p = 0.277), implying that the slower pace is primarily driven by reduced cadence rather
than altered step length [26,27].

Indeed, cadence was significantly lower in the pre-TKA group (91.12 £ 9.02 vs.
108.78 + 6.64 steps/min, p < 0.001, Cohen’s d = —2.23), reinforcing the trend toward
a more cautious walking pattern to minimize joint strain [28,29]. Gait speed was also
significantly lower (0.87 & 0.16 m/s vs. 1.11 & 0.14 m/s, Cohen’s d = —1.60), reflecting
further functional decline before surgery. These observations point to meaningful mobility
limitations in this population, although the causal benefits of prehabilitation remain to
be established.

Pelvic angle symmetry was significantly reduced in the pre-TKA group, with lower
symmetry indices for tilt (p = 0.014, d = —0.28), obliquity (p < 0.001, d = —0.52), and ro-
tation (p = 0.002, d = —0.40). These asymmetries likely reflect compensatory adaptations
to offloading the affected limbs. Such strategies may lead to muscular imbalance and
joint overloading, contributing to postoperative dysfunction [30,31]. Gait cycle symme-
try was also significantly compromised (92.7 £ 14.85 vs. 97.0 &+ 2.4, p = 0.000, r = 0.71),
indicating widespread gait irregularities that could predispose patients to further muscu-
loskeletal problems.
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Additionally, the significantly lower propulsion index in the pre-TKA group for both
the left (Cohen’s d = —1.92) and right (Cohen’s d = —1.62) limbs further support the idea
that individuals with knee osteoarthritis have compromised gait mechanics. Reduced
propulsion reflects diminished force generation during the push-off phase, indicating
impaired walking dynamics [32,33]. The walk quality index also showed significant
reductions on the right side (p = 0.005, Cohen’s d = —0.82) and a marginal reduction
on the left side (p = 0.036, Cohen’s d = —0.21), further emphasizing the impaired overall
gait quality in the pre-TKA group.

Notably, the elaborated steps (left, p = 0.000, Cohen’s r = 0.66; right, p = 0.000, Cohen’s
r = 0.69) were significantly longer in the pre-TKA group, suggesting altered stepping
strategies possibly linked to pain or compensation for mobility impairment.

No significant differences were observed in stance duration, single support phase,
or stride length between the pre-TKA and control groups. These nonsignificant findings
suggest that gait impairments in the pre-TKA group may be primarily due to reduced
cadence rather than changes in step length or gait phase duration.

The findings of reduced cadence, propulsion, and pelvic symmetry in this study are
consistent with previous evidence that individuals with knee osteoarthritis adopt com-
pensatory gait patterns to mitigate pain and maintain stability [22,26]. These maladaptive
patterns can lead to muscle imbalances, reduced mobility, and elevated fall risk, underscor-
ing the importance of early targeted intervention. Evidence supports the effectiveness of
strengthening exercises, particularly of the quadriceps and hip abductors, in improving gait
biomechanics in this population [34]. In addition, wearable sensor-based biofeedback, such
as real-time gait monitoring using inertial measurement units, may help to personalize
rehabilitation and improve motor learning [20,21].

Although the current study did not assess the impact of prehabilitation, the observed
biomechanical deficits provide a strong rationale for future studies. Recommended strate-
gies include pelvic stabilization and trunk control exercises to address asymmetries in
tilt, obliquity, and rotation; strengthening of the hip musculature to enhance stance phase
stability; and eccentric quadriceps training to support deceleration and propulsion during
gait transitions [35]. Real-time biofeedback can further enhance outcomes by providing
visual or auditory cues to correct asymmetry and improve temporal parameters. Collec-
tively, these findings support the prioritization of individualized prehabilitation programs
to optimize mobility in patients awaiting TKA.

5. Limitations

Although the findings of this study provide valuable insights into gait mechanics
in individuals with severe knee osteoarthritis awaiting TKA, several limitations should
be acknowledged.

The pre-TKA and non-arthritic control groups comprised 21 and 39 participants,
respectively. Although the sample sizes were adequate for detecting large effect sizes
(Cohen’s d ~ 0.8) with 80% power, the unequal sample sizes between the groups may
limit the statistical robustness of certain comparisons, especially for subgroup analyses
(e.g., those based on sex). Future research should aim for larger and more balanced sample
sizes to enhance statistical power, improve generalizability, and reduce potential bias.

The cross-sectional design of this study restricts the ability to infer causal relationships
and observe longitudinal changes over time. Although this study provides a snapshot
of gait characteristics in a specific population, it does not allow us to assess how gait
patterns evolve with the progression of knee osteoarthritis, after surgery, or in response
to rehabilitation intervention. Longitudinal studies are needed to understand how gait
mechanics change over time and in response to clinical treatments.
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The study sample consisted of patients with knee osteoarthritis awaiting total knee
arthroplasty and a nonarthritic control group, which may not fully represent the general
population. The findings may be specific to individuals with knee osteoarthritis awaiting
surgery and may not apply to other populations with different health conditions, ethnic
backgrounds, or lifestyle factors. Future studies should consider diverse groups to increase
the generalizability of their findings.

Although the BTS G-Walk sensor system is a reliable tool for gait analysis, its placement
on the lower back may not fully capture lower limb kinematics, particularly joint-specific
data. This limitation affects the comprehensiveness of the gait analysis. Future studies
using multisensor systems, including sensors on the foot or knee, could provide a more
detailed and accurate understanding of gait mechanics and asymmetries.

Additionally, despite the BTS G-Walk sensor system offering a convenient and reliable
method for assessing gait, pelvic rotation measurements may be influenced by magnetic
disturbances in indoor environments, especially when metallic objects are present. Al-
though data were collected on a clear, non-metallic indoor surface to minimize this risk,
some variability in the rotation symmetry measures may persist. Future studies should
consider applying magnetometer calibration procedures or comparing alternative sensor
placements to enhance accuracy.

While the use of Welch's t-test helped correct for violations of the assumption of equal
variances, some assumptions of the t-tests (such as normality) may still have influenced
the effect size estimates and statistical conclusions. Although the Kolmogorov-Smirnov
and Shapiro-Wilk tests were used to assess the normality of the data, some deviations
from normality could have remained, which may affect the reliability of the results. Future
studies should consider employing more advanced statistical methods, such as mixed-
model analyses, which can better account for variations and improve the robustness of the
findings, particularly in cases where violations of the assumptions persist.

Addressing these limitations in future studies will improve the understanding of gait
mechanics in individuals with knee OA and help refine clinical applications for rehabilita-
tion, performance optimization, and postsurgical recovery.

6. Conclusions

This study highlighted significant gait impairments in individuals with knee os-
teoarthritis awaiting TKA, including slower walking speed, reduced cadence, and altered
symmetry, compared with those in healthy controls. These findings suggest that indi-
viduals in the pre-TKA group adopt compensatory gait strategies that potentially affect
their mobility and functional performance negatively. Although this study emphasizes
the need to address these impairments, it remains unclear whether prehabilitation effec-
tively improves gait. Future research should explore the potential of interventions such
as strengthening exercises, gait retraining, and wearable sensor feedback to enhance gait
mechanics and improve mobility in this population before surgery.
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Abstract

Background: The external knee adduction moment (KAM) is an important biomechanical
parameter that reflects the load on the medial tibiofemoral compartment during gait. The
KAM is typically evaluated using three-dimensional motion analysis (3DMA) systems.
The present study aimed to evaluate and validate the waveform similarity between the
KAM estimated using only two inertial measurement units (IMUs) sensors, attached to the
shank and lower back (IMU-KAM), as a simpler method and that obtained from a 3DMA
system (3DMA-KAM) under different step rate conditions. Methods: Three healthy adult
men were included. The gait task involved walking in a straight line over a distance of
approximately 10 m at three step rate conditions: 115, 100, and 85 steps/min. Data were
collected using a 3DMA system, force plates, and IMUs. The primary outcome measures
included the KAM waveforms for 3DMA-KAM and IMU-KAM during the early and late
phases of the single-limb support (Early-SLS phase and Late-SLS phase, respectively).
The coefficient of multiple correlation (CMC) was used to evaluate the waveform pattern
similarity. Results: IMU-KAM demonstrated high similarity to SDMA-KAM waveforms in
the Early-SLS phase under 115 and 100 steps/min, with CMC values ranging from 0.66 to
0.99. However, no clear similarity was observed in the Late-SLS phase. Conclusions: In
the Preferred and Reduced conditions, wherein the walking rate exceeded 100 steps/min,
the KAM waveform pattern during the Early-SLS phase was accurately estimated using
IMU sensors attached to the shank and lower back. The findings of this study suggest the
potential of simplified gait analysis using IMUs for evaluating knee joint biomechanics and
provide foundational data for future clinical applications.

Keywords: external knee adduction moment; IMU sensor; waveform pattern; gait; early
phase of single-limb support

1. Introduction

Gait analysis is a widely used and effective method for evaluating motor function and
the effects of interventions in the field of rehabilitation [1-4]. Hulleck et al. [1] reviewed
various gait analysis methods and their clinical applications, including the identification
and quantification of disease-specific gait impairments and the prediction of prognosis.
Wren et al. [2] performed a systematic review on the clinical utility of gait analysis using
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measurement devices and reported that it can inform treatment decision-making and
determine therapeutic effects. Furthermore, Miyashita et al. [3] suggested the potential
of detecting gait impairments using a single inertial measurement unit (IMU) sensor in
older adults at an early stage. Boyer et al. [4] also conducted a systematic review and meta-
analysis involving both young and older adults and clarified age-related biomechanical
changes during gait. In gait biomechanics studies, the estimation of joint loading is a key
research topic, and its significance is particularly emphasized in the gait analysis of patients
with knee osteoarthritis (OA). Among those changes, the external knee adduction moment
(KAM) has attracted attention as an indicator of the load on the medial tibiofemoral com-
partment and has been reported as a vital biomechanical parameter [5-9]. During gait,
the KAM waveform generally exhibits a bimodal pattern, with the first peak occurring in
the early phase of single-limb support (SLS) after the initial contact and the subsequent
reduction during midstance [10-13]. Previous studies considered both features clinically
important indicators due to their association with the onset, progression, and severity of
knee OA [10-13]. Three-dimensional motion analysis (3DMA) based on optical motion
capture systems combined with force plates is the gold standard for gait analysis using
KAM [1,8,14-16]. 3DMA enables high-precision calculation of KAM by combining joint
center positions and joint angles derived from three-dimensional coordinate data obtained
via optical motion capture with three-dimensional ground reaction forces directly measured
using a force plate. However, these systems are expensive and require a dedicated labora-
tory environment, limiting their clinical application [15-17]. To address these limitations,
recent studies estimated the KAM using inertial measurement units (IMUs) [16,18-20].
Iwama et al. [16] demonstrated the potential for simplified KAM estimation by showing a
correlation between acceleration-based indices from a single IMU sensor and the first peak
of KAM measured using 3DMA. Stetter et al. [18] reported estimation methods applicable
to various locomotor tasks by combining IMU sensors on the thigh and shank with machine
learning. Moreover, Akiba et al. [19] applied machine learning and a proprietary algorithm
to a single IMU sensor and reported that KAM during gait can be estimated with clinically
practical accuracy. Kobsar et al. [20] also reviewed multiple approaches, including the use
of multiple IMU sensors combined with instrumented force shoes and methods using IMU
sensors attached to the foot for estimating KAM. Nevertheless, most of these methods
involve constructing full-body skeletal models with multiple IMUs or require machine
learning algorithms.

By contrast, Baniasad et al. [21] investigated the relationship between the KAM and
four important gait elements (i.e., ground reaction force [GRF], shank tilt angle [STA], foot
progression angle [FPA], and center of pressure [COP]). The results showed that the vertical
component of the GRF (GRF-VT) and frontal plane STA (FP-STA) were the most influential
factors contributing to increased KAM in individuals with knee OA. Importantly, these two
parameters can be estimated using IMUs, suggesting that IMU-derived data can be used to
estimate the KAM [22-28].

Moreover, previous studies have shown that the peak value and waveform pattern of
KAM are influenced by spatiotemporal gait parameters, including walking speed and step
rate [29-31]. In particular, the step rate has been reported to exert a remarkable effect on the
KAM [29-31], indicating that step rate variations need to be considered when estimating
the KAM.

Therefore, the present study was conducted to investigate and validate the waveform
similarity between KAM estimated using only two IMU sensors, attached to the shank and
lower back (IMU-KAM), as a simpler method and KAM obtained from a 3DMA system
(3DMA-KAM) under different step rate conditions. Based on previous findings indicating
that the first KAM peak is primarily influenced by the GRF-VT and knee adduction an-
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gle [32], we hypothesized that the KAM waveform during the early phase of SLS could be
estimated with clinically acceptable accuracy.

2. Methods
2.1. Participants

This study included three healthy adult men: participant 1 (age, 21 years; body height,
172.0 cm; body weight, 64.0 kg), participant 2 (age, 24 years; body height, 170.5 cm; body
weight, 67.3 kg), and participant 3 (age, 46 years; body height, 171.0 cm; body weight,
63.0 kg). The inclusion criterion was as follows: absence of any neurological, psychiatric, or
orthopedic disorders. Meanwhile, the exclusion criterion was as follows: presence of any
pain during walking.

Before the study, approval was obtained from the ethics committee of our institution
(Approval No. 2409-01). All participants were provided with a detailed explanation of the
study’s purpose and significance, and written informed consent was obtained.

2.2. Gait Task

The participants walked in a straight line over a distance of approximately 10 m under
three step rate conditions. The step rate was controlled using a metronome and set at
115 steps/min (preferred step rate: Preferred), 100 steps/min (reduced step rate: Reduced),
and 85 steps/min (lowest step rate: Lowest). No restrictions were imposed on the step
length. The step rate conditions were based on previous studies [33-37]. The gait task was
performed in the following fixed order: Preferred, Reduced, and Lowest. Two trials were
performed for each condition, yielding a total of six trials per participant. The changes in
step rate were manually implemented for each condition.

2.3. Data Collection

An optical motion capture system (optical system) was used for the measurements.
This system comprised a 3DMA device (VICON MX-T, VICON Motion Systems Ltd.,
Oxford, UK) with 16 cameras and six force plates (OR6-7-2000, Advanced Mechanical
Technology Inc., Watertown, MA, USA), as shown in Figure 1.
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Figure 1. Measurement environment.

In addition, an inertial motion capture system (inertial system) comprising two IMU
sensors (SS-MS-HMASG3A2YZ, Sports Sensing Inc., Fukuoka, Japan) and one wireless
synchronization unit (Sports Sensing Inc., Fukuoka, Japan), which was synchronized with
the optical system, was used.
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During the measurements using the optical system, a seven-segment rigid body model,
which comprised the foot, shank, thigh, and pelvis segments, was constructed by attaching
33 infrared reflective markers (14 mm in diameter) to the participant’s body, in accordance
with the method of Kito et al. [38]. For the inertial system, two sensors were attached: one to
the spinous process of the third lumbar vertebra (L3) and the other to the lower lateral shank
(LLS) of the right leg [39]. The axes of both IMU sensors were aligned as closely as possible
with the global coordinate system. The L3 IMU sensor was oriented with the X-, Y-, and
Z-axes in the mediolateral, vertical, and anteroposterior direction, respectively. Conversely,
the LLS IMU sensor was oriented with the X-, Y-, and Z-axes in the anteroposterior, vertical,
and mediolateral direction, respectively (Figure 2). The sampling frequency of the 3SDMA
device and force plates was set to 100 Hz, whereas that of the IMU sensors was set to 200 Hz.

X

Sensor coordinate system

Global coordinate system

Figure 2. Placement of the infrared reflective markers and IMU sensors. The IMU sensor, which
measured 53 mm in length, 38 mm in width, and 11 mm in thickness, equipped with an eight-axis
sensor system comprising a three-axis accelerometer (16 G), a two-axis accelerometer (£200 G),
and a three-axis gyroscope (£1500 deg/s). The global coordinate system was defined as follows:
X-axis in the mediolateral direction; Y-axis in the anteroposterior direction; and Z-axis in the vertical
direction. L3: spinous process of the third lumbar vertebra; LLS: lower lateral shank (7 cm proximal
to the lateral malleolus).

2.4. Data Analysis

The primary outcome measures included the 3DMA-KAM and the IMU-KAM of the
right lower limb. Meanwhile, the secondary outcome measures included the GRF-VT and
the FP-STA of the right lower limb, which were calculated using the optical and inertial
systems, respectively. Before data processing, a low-pass Butterworth filter was used to
reduce noise. For 3DMA data, the cutoff frequencies were set at 6 and 10 Hz for the marker
coordinate data and GRF data, respectively. Meanwhile, for the IMU data, a cutoff frequency
of 10 Hz was applied to the vertical component of the acceleration data. This value was
based on the report by Jiang et al., which indicated that most of the GRF signal lies below
10 Hz [40]. A cutoff frequency of 12 Hz was applied to the angular velocity data. This value
was based on the report by Tadano et al., which provided preliminary validation using
quaternions to reduce integration errors in angle estimation [41].
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2.4.1. Optical System

The 3DMA-KAM and center of mass were calculated using Vicon Nexus 2.12 (Vicon
Motion Systems Ltd., Oxford, UK). Next, the walking speed, step length, and step rate
were calculated from the center of mass, right heel marker, and GRF-VT.

2.4.2. Inertial System

The calculation of IMU-KAM was conducted in accordance with the method of Bani-
asad et al. [21] (Figure 3). In this approach, the GRF-VT was estimated from the L3 IMU
sensor, whereas the FP-STA was derived from the LLS IMU sensor. First, the inclination
angles of both IMU sensors relative to the global coordinate system were calculated using
data collected during quiet standing on the basis of a previous study [41]. Then, the GRF-VT
was obtained by converting the vertical axis component from the inclination angles using
trigonometric functions and multiplying it by body weight (N). Meanwhile, the FP-STA
was defined as the frontal plane tilt angle of the LLS IMU sensor, which was adjusted at the
initial value to match the STA calculated from the 3DMA system. Finally, IMU-KAM was
estimated as the product of the GRF-VT and the lever arm derived from FP-STA (labeled
as “Lever Arm” in Figure 3). The lever arm was calculated using trigonometric functions
(sine) based on FP-STA and the shank length obtained from 3DMA [21].

IMU-KAM = GRF-VT X Lever Arm
Lever Arm = L-shank X sin(FP-STA)

’-’J-J‘

Figure 3. Method for estimating IMU-KAM based on the GRF-VT and FP-STA. IMU-KAM: knee
adduction moment estimated using inertial measurement units (IMUs); GRF-VT: vertical component
of the ground reaction force (GRF); FP-SPA: frontal plane (FP) shank tilt angle (STA); L-shank:
shank length.

2.4.3. Analysis Interval

The analysis interval was defined as the SLS phase of the right lower limb. In this
study, a single SLS phase was analyzed per trial. Specifically, the left lower limb toe-off,
right lower limb stance phase, and left lower limb initial contact were identified using force
plate Nos. 1, 5, and 3, respectively (Figure 1). The SLS phase was identified as the period
from the point at which the GRF-VT on the left leg dropped below 10 N to just before it rose
above 10 N again. This interval was time-normalized to 100%. Moreover, the SLS phase
was further divided into two segments (i.e., early phase of SLS [Early-SLS phase] and late
phase of SLS [Late-SLS phase]) in accordance with the method of Thorp et al. [42].
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2.5. Statistical Analysis

The similarity of the waveform patterns between IMU-KAM and 3DMA-KAM was
assessed using the coefficient of multiple correlation (CMC) [43-45]. Meanwhile, the simi-
larity of the waveform patterns between GRF-VT and FP-STA estimated using IMU sensors
and those measured by 3DMA was examined using CMC. The similarity was categorized
into four levels based on the CMC values: moderate (0.65-0.75), good (0.75-0.85), very good
(0.85-0.95), and excellent (0.95-1.00) [45].

3. Results
3.1. Walking Speed, Step Length, and Step Rate Under Different Gait Conditions

The walking speed ranged from 1.02 m/s to 1.30 m/s, 0.88 m/s to 1.08 m/s, and
0.77 m/s to 0.85 m/s under the Preferred, Reduced, and Lowest conditions, respectively.
The step length ranged from 0.56 m to 0.69 m, 0.56 m to 0.65 m, and 0.56 m to 0.62 m, respec-
tively. The step rate ranged from 111.11 steps/min to 120.00 steps/min, 100.00 steps/min
to 107.14 steps/min, and 83.33 steps/min to 90.91 steps/min, respectively.

3.2. IMU-KAM and 3DMA-KAM

The mean and standard deviation of the IMU-KAM and 3DMA-KAM waveform pat-
terns under each condition are shown in Figure 4, and the CMC values between the IMU-
KAM and 3DMA-KAM during Early-SLS phase and Late-SLS phase is shown in Table 1.
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Figure 4. Mean and standard deviation of waveform patterns under each condition. Preferred: preferred
step rate (115 steps/min); Reduced: reduced step rate (100 steps/min); Lowest: lowest step rate
(85 steps/min); Early-SLS phase: early phase of single-limb support; Late-SLS phase: late phase of
single-limb support; 3DMA-KAM: knee adduction moment calculated from three-dimensional motion
analysis; IMU-KAM: knee adduction moment estimated using inertial measurement units (IMUs).
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Table 1. CMC values between IMU-KAM and 3DMA-KAM waveform patterns.

CMC

Preferred Reduced Lowest

Early-SLS Late-SLS Early-SLS Late-SLS Early-SLS
Phase Phase Phase Phase Phase

Late-SLS
Phase

Participant 1 Trial 1 0.98 NaN 0.74 NaN 0.62

Trial 2 0.99 0.29 0.86 NaN 0.80

0.77
NalN

Participant 2 Trial 1 0.97 0.55 0.83 NaN 0.82

Trial 2 0.67 NaN 0.89 NaN 0.43

NaN
0.23

Participant 3 Trial 1 0.83 NaN 0.66 NaN 0.52

Trial 2 0.93 NaN 0.75 NaN 0.48

NalN
NalN

IMU-KAM: knee adduction moment estimated using inertial measurement units (IMUs); 3DMA-KAM: knee
adduction moment calculated from three-dimensional motion analysis; CMC: coefficient of multiple correlation;
Preferred: preferred step rate (115 steps/min); Reduced: reduced step rate (100 steps/min); Lowest: lowest step
rate (85 steps/min); Early-SLS phase: early phase of single-limb support; Late-SLS phase: late phase of single-limb
support; NaN: not a number (indicates that the CMC is a complex number).

3.2.1. Early-SLS Phase

Under the Preferred condition, the CMC values between the IMU-KAM and 3DMA-
KAM ranged from 0.67 to 0.99, indicating moderate to excellent similarity. In the Reduced
condition, the CMC values ranged from 0.66 to 0.89, indicating moderate to very good
similarity. Meanwhile, under the Lowest condition, two trials showed CMC values of 0.80
and 0.82, indicating good similarity. However, the values were below 0.65 in the remaining
four trials, indicating no clear similarity in waveform patterns.

3.2.2. Late-SLS Phase

Under the Preferred condition, four trials resulted in complex numbers, represented as
not a number (NaN), and the remaining two trials yielded CMC values below 0.65, indicating
no clear waveform similarity. In the Reduced condition, all trials produced NaN values.
Meanwhile, under the Lowest condition, only one trial yielded a CMC value of 0.77, indicating
good similarity, whereas the remaining five trials showed no evident waveform similarity.

3.3. GRF-VT and FP-STA

For GRE-VT, the CMC during the Early-SLS phase under the Preferred and Reduced
conditions ranged from 0.67 to 0.99, with most trials rated as excellent (Table 2). Mean-
while, for the Early-SLS phase under the Lowest condition and Late-SLS phase across all
conditions, some trials showed CMC values below 0.65. Moreover, no clear waveform
similarity was observed. For FP-STA, the CMC values were below 0.65 in most trials across
all conditions, indicating no clear waveform similarity (Table 3).

Table 2. CMC values between GRF-VT estimated using IMU and GRF-VT measured using 3DMA.

CMC

Preferred Reduced Lowest

Early-SLS Late-SLS Early-SLS Late-SLS Early-SLS
Phase Phase Phase Phase Phase

Late-SLS
Phase

Participant 1

Trial 1 0.85 0.74 0.91 0.89 0.68
Trial 2 0.99 0.94 0.93 0.92 0.46

0.97
0.69
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Table 2. Cont.

CMC
Preferred Reduced Lowest
Early-SLS Late-SLS Early-SLS Late-SLS Early-SLS Late-SLS

Phase Phase Phase Phase Phase Phase

Participant 2 Trial 1 0.97 0.89 091 0.57 NaN NaN
Trial 2 0.99 0.82 0.85 NaN 0.54 NaN

Participant 3 Trial 1 0.77 NalN 0.86 0.77 0.04 0.71

Trial 2 0.67 0.13 0.84 0.44 0.84 0.81

GRF-VT: vertical component of the ground reaction force; CMC: coefficient of multiple correlation; Preferred:
preferred step rate (115 steps/min); Reduced: reduced step rate (100 steps/min); Lowest: lowest step rate (85
steps/min); Early-SLS phase: early phase of single-limb support; Late-SLS phase: late phase of single-limb
support; NaN: not a number (indicates that the CMC is a complex number).

Table 3. CMC values between FP-STA estimated using IMU and FP-STA measured using 3SDMA.

CMC
Preferred Reduced Lowest
Early-SLS Late-SLS Early-SLS Late-SLS Early-SLS Late-SLS

Phase Phase Phase Phase Phase Phase

Participant 1 Trial 1 0.70 0.96 0.30 0.59 NaN NaN

Trial 2 0.56 0.90 NaN 0.89 NaN 0.69

Participant 2 Trial 1 NaN 0.35 NaN NaN 0.89 NaN
Trial 2 NaN 0.56 NaN 0.72 NaN NaN

Participant 3 Trial 1 NaN NaN NaN NaN NaN NaN
Trial 2 NaN NalN NaN NalN NaN NaN

FP-SPA: frontal plane shank tilt angle; CMC: coefficient of multiple correlation; Preferred: preferred step rate
(115 steps/min); Reduced: reduced step rate (100 steps/min); Lowest: lowest step rate (85 steps/min); Early-SLS
phase: early phase of single-limb support; Late-SLS phase: late phase of single-limb support; NaN: not a number
(indicates that the CMC is a complex number).

4. Discussion
4.1. Changes in Spatiotemporal Parameters Under Different Gait Conditions

Walking speed tended to vary according to the step rate conditions. Although step
length varied slightly among participants, it exhibited little change across conditions. Step
rate was generally similar to the values set for each condition. In this context, Sekiya et al. [46]
examined how changing walking speed, step length, or step rate individually affects the other
two parameters. They reported that when only step rate was altered, walking speed changed
accordingly, whereas step length remained largely unchanged. These findings support the
validity of the spatiotemporal changes observed under the conditions set in the present study.

4.2. Characteristics of IMU-KAM and 3DMA-KAM

This study examined the similarity between the KAM waveform patterns estimated
from IMU sensors attached to the shank and lower back and those obtained from 3DMA
measurements, with the SLS phase divided into the Early-SLS phase and Late-SLS phase. The
hypothesis was that KAM estimation using IMU sensors could be achieved with clinically
applicable accuracy during the Early-SLS phase. Our results supported the hypothesis under
the condition of >100 steps/min but not under the condition of a low step rate, such as
85 steps/min.
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4.2.1. Characteristics of the Early-SLS Phase

This study considered the influence of the step rate on the KAM waveform patterns by
analyzing three walking conditions. No clear similarity in the KAM waveform patterns was
observed under the Lowest condition. KAM typically exhibits a bimodal waveform pattern;
however, studies have reported that reducing the step rate or walking speed alters KAM to
a unimodal pattern [31,47]. In our study, it cannot be ruled out that such changes in the
waveform pattern may have affected the accuracy of KAM estimation. In patients with knee
OA, lower step rates are reportedly associated with greater radiographic severity [48-50].
Consistent with this finding, a recent large-scale cohort study of 1600 participants grouped
by step rate found that approximately 25% of individuals, classified in the lowest group,
had a mean step rate of 97.6 & 4.6 steps/min [51]. On the basis of the findings of the present
study, the proposed method may be applicable for estimating the KAM waveform patterns
when the step rate is 100 steps/min or higher. Therefore, this method may be applicable to
the majority of patients with knee OA, except for cases with extremely reduced step rates.

With regard to the estimation accuracy of the KAM during gait, previous studies
have reported Pearson’s correlation coefficients of 0.71 for waveform patterns during the
stance phase, 0.58 for peak values, and 0.69 for impulse [18,19]. Existing guidelines for
interpreting correlation coefficients categorize the correlation as weak (r < 0.35), moderate
(0.35 <r < 0.67), strong (0.67 <r < 0.90), and excellent (r > 0.90) [18]. On the basis of this
classification, the strength of the correlations determined in our study can be interpreted as
ranging from moderate to strong. Although the proposed method estimated the KAM only
in the limited interval of the Early-SLS phase, its estimation accuracy was better compared
with those of previous reports.

4.2.2. Characteristics of the Late-SLS Phase

In the Late-SLS phase, little to no similarity in the KAM waveform patterns was
observed across nearly all trials under all conditions. One possible reason is that factors that
were not considered in the present method (e.g., COP and FPA) may influence the second
peak of the KAM, which generally occurs during this phase [21,47,52]. Baniasad et al. [21]
reported that the anterior-posterior position of COP and FPA particularly affects the
second peak of KAM in patients with knee OA. Furthermore, Kim et al. [52] demonstrated
that experimentally altering FPA in patients with knee OA modifies the second peak of
KAM. Moreover, Rutherford et al. [47] conducted a cross-sectional study and reported
that FPA was associated with the second peak of KAM, whereas its effect on the first
peak was minimal. Moreover, previous studies on the KAM estimation accuracy have
reported reduced accuracy during the late stance phase, corresponding to the Late-SLS
phase, compared with the early and mid-stance phases. This reduction may result from
the increased difficulty in estimating the ankle joint position and orientation during this
period [53,54]. During the terminal stance phase, the COP shifts toward the forefoot as the
ankle transitions from dorsiflexion to plantarflexion, accompanied by subtle inversion and
eversion of the foot [55,56]. This complex three-dimensional motion likely contributes to
decreased accuracy in estimating KAM during the terminal stance, although other factors
cannot be ruled out.

4.3. Characteristics of GRF-VT and FP-STA

In the present study, the waveform similarity of GRE-VT and FP-STA was examined
using CMC to identify the factors that contribute to the estimation accuracy of IMU-KAM.
High CMC values were obtained for GRF-VT during the Early-SLS phase under both the
Preferred and Reduced conditions. However, in the Early-SLS phase under the Lowest
condition, CMC tended to be lower than that under the other two conditions. We consider
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that this tendency is consistent with the degree of waveform similarity observed in KAM.
Although studies have reported that GRF-VT can be estimated with high accuracy using
IMUs [25-28], considering that a similar trend in estimation accuracy was observed for
both KAM and GRF-VT under the Lowest condition, it can be inferred that GRF-VT may
contribute more substantially to the estimation of the KAM waveform pattern in the Early-
SLS phase. In contrast, for FP-STA, many of the CMC values resulted in NaN, and no
reliable consistency could be obtained. Regarding the estimation of joint angle waveform
patterns, it has been reported that accuracy is high in the sagittal plane but lower in the
frontal plane [57,58]. We also consider that this tendency was more pronounced in our study.
Regarding the Late-SLS phase, our results suggest the difficulty of estimating accurate KAM
waveforms using only GRF-VT and FP-STA information, as used in our study, indicating a
potential limitation. Therefore, future studies must incorporate other related factors, such as
COP and FPA, to enable a more comprehensive and multifactorial approach.

4.4. Strengths, Limitations, Future Directions, and Practical Applications

The strength of this study lies in the ability to accurately estimate the waveform pattern
of KAM during the Early-SLS phase using only two IMU sensors, without the need for
machine learning. A limitation of this study is the small sample size, due to which statistical
validation was difficult. In particular, the KAM waveform pattern during the Late-SLS
phase could not be clarified in detail, possibly due to the limited number of participants.
Moreover, the ages of three participants were variable, resulting in an insufficient evaluation
of age-related effects. Future studies should ensure an adequate sample size for each age
group to allow systematic evaluation.

Regarding future directions, although this study estimated KAM using two parame-
ters, GRF-VT and FP-STA, the agreement of the FP-STA waveform pattern was insufficient.
Therefore, other relevant gait parameters should be incorporated in the analysis to improve
the accuracy of estimation. Furthermore, because the present study manipulated only the
step rate, considering additional factors such as step length and walking speed may further
improve the accuracy and applicability of the estimation. It is also necessary to investigate
other mechanical parameters, such as the external knee flexion moment.

Overall, the method described in our study can estimate KAM waveform patterns
with clinically acceptable accuracy using a minimal number of IMU sensors, provided that
the analysis is limited to the Early-SLS phase, thereby suggesting potential applications in
clinical gait analysis and the evaluation of treatment effects.

5. Conclusions

This study examined whether IMU-KAM estimated using IMU sensors on the shank
and lower back exhibits similar waveform patterns to those of 3DMA-KAM. The results
showed that the waveform similarity was high during the Early-SLS phase under conditions
with a step rate of 100 steps/min or higher, suggesting the utility of simple IMU-based
estimation. By contrast, the waveform agreement decreased during the Late-SLS phase or
when the step rate decreased, indicating limitations in estimation accuracy.
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Abstract

Background: Osteoarthritis (OA) of the knee is a highly prevalent and heterogeneous con-
dition. Identifying distinct clinical phenotypes within end-stage knee OA populations may
inform tailored preoperative management strategies for individuals awaiting total knee re-
placement (TKR) surgery. Methods: This cross-sectional study employed exploratory factor
analysis to identify clinical presentation patterns among patients with knee OA awaiting
TKR in South Africa, using modifiable variables including demographic data, physical
examination findings, patient-reported outcomes, and functional measures. Results: Three
distinct clinical phenotypes emerged: (1) gait and weight—characterised by poor gait me-
chanics, obesity, and low self-efficacy; (2) central pain—encompassing central sensitisation,
depression, and reduced functional performance; and (3) functional factors—reflecting
muscular weakness and functional limitations. Conclusions: This study highlights the
heterogeneity in clinical presentations among patients with end-stage knee OA awaiting
TKR in South Africa. The identified phenotypes suggest a need for tailored, multidisci-
plinary preoperative interventions incorporating weight management, pain management,
psychological support, targeted exercise programs, and behavioural change strategies to
optimise post-surgical outcomes and enhance overall care.

Keywords: clinical phenotype; factor analysis; chronic pain; total knee replacement;
osteoarthritis; movement analysis

1. Introduction

Osteoarthritis (OA), particularly knee OA, is a highly prevalent global musculoskeletal
condition, characterised by substantial heterogeneity in its clinical manifestations, disease
trajectories, and underlying pathophysiological mechanisms [1]. Emerging evidence high-
lights significant inter-individual variability in symptom severity, disease progression,
and treatment response among patients with knee OA [2]. This heterogeneity is influ-
enced by factors such as age, sex, genetics, biomechanics, comorbidities, and lifestyle,
which influence the individual response to medical management and reduce the efficacy of
standardised therapeutic interventions [1].

In recent years, the field of phenotype research has gained prominence, aiming to
explain the heterogeneity of knee OA through advanced imaging modalities, biomarker
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analysis, and data-driven analytics [3]. By identifying distinct subgroups or phenotypes
within the broader knee OA population, characterised by unique clinical, radiographic,
and molecular signatures, phenotype research holds promise in clarifying underlying
pathogenic mechanisms, predicting disease progression, and tailoring interventions to
specific phenotypic profiles [2,4-8]. Although phenotypic classification based on molecular
characteristics may provide detailed insight into underlying biological pathways, cellular
taxonomy, and biochemical markers [9], it requires laboratory analysis, which may be
impractical in low-resource clinical settings. In contrast, phenotyping based on clinical
characteristics may be less detailed [10], but more practical in clinical settings.

Clinical phenotyping involves grouping patients based on observable and modifi-
able clinical characteristics, such as posture, gait, physical activity levels, obesity, muscle
strength, balance, and pain behaviour [5,11-13]. Commonly included variables span do-
mains such as age, sex, body mass index (BMI), range of motion, muscle strength, gait
analysis, pain severity, psychological factors (e.g., depression, anxiety), self-efficacy, and
functional performance (e.g., sit-to-stand tests, physical activity levels) [11,12]. Although
studies looking at the effects of phenotype-specific interventions are still in their infancy,
promising results for pain and functional response to exercise interventions have identified
baseline factors related to trajectories with different treatment responses [4,7,14]. By stratifi-
cation of distinct clinical phenotypes, targeted management strategies can be developed to
address the unique needs of each subgroup.

Current management strategies for OA include pharmacological (e.g., NSAIDs, corti-
costeroids), non-pharmacological (e.g., exercise, patient education), and end-stage surgical
approaches. Disease-modifying OA drugs (DMOADs) targeting specific molecular path-
ways are also being explored, with the intention to eventually be able to slow down, halt
joint degeneration, or even reverse the effects of OA [15]. Management is typically fo-
cused on relieving pain and improving joint function, as these are reported to be the most
disabling symptoms [15]. In OA patients, pain severity does not always correlate with
radiographic changes [16]. Emerging evidence suggests that neuroinflammation, central
sensitisation, and maladaptive pain processing contribute to chronic pain in patients with
OA. Patients with chronic pain are at risk of developing central sensitisation and nociplas-
tic pain, which can lead to poor postoperative outcomes [15,17]. In addition, pain and
reduced function can lead to physical deconditioning, obesity, and the development of
cardiovascular and metabolic conditions, which can negatively affect the pain experience
and increase the risk for poor postoperative outcomes [18].

In South Africa, the public healthcare sector is burdened by an increase in patients
with end-stage knee OA awaiting TKR surgeries [19]. Average waiting times of 3.5 to 5
years have been reported, and a majority of patients were not referred for rehabilitation
interventions during this time [20]. In other contexts, prolonged surgical waiting times
have been shown to exacerbate functional decline, pain, and psychosocial distress, poten-
tially compromising postoperative outcomes [21,22]. Identifying the modifiable clinical
presentation patterns in patients with end-stage OA can facilitate targeted rehabilitation
interventions to ensure that patients have better pre- and postoperative outcomes and
that resources are allocated optimally, especially in low- and middle-income countries like
South Africa [10]. However, few studies on patient clinical presentation profiles have been
conducted in the South African context. Therefore, the aim of this study was to identify
distinct clinical phenotypes in the South African population to inform tailored preoperative
rehabilitation strategies.
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2. Materials and Methods
2.1. Study Design

A descriptive cross-sectional study design was used. All the individuals on the waiting
list at Tygerberg Hospital were invited to take part in a previous study [19] and those who
gave consent to take part in further studies were included in the sample pool for this study.

2.2. Study Participants

Conducting sample size calculation for factor analysis is complex due to the lack of
a priori hypothesis (not knowing if, what, or how many factors there will be) [23]. Rule-
of-thumb estimates have been reported in the literature for use within factor analysis and
informed the sample size estimation in this study. According to Hair [23], the minimum
recommended ratio for sample size in factor analysis is 5:1 (at least 5 individuals per
variable), which totalled 65 individuals for the 13 variables we planned to include. A
stratified random sampling technique was used [24,25], and the inclusion criteria were
being waitlisted for TKR and the knee OA being the primary site of concern (other joints
having only mild to moderate OA). Individuals with all levels of mobility (including
wheelchair bound patients) were included in this study, and the only exclusion criterion
was the inability to give consent. A detailed methodology for this study is presented in
Supplementary File S1.

2.3. Study Procedures

All attempts were made to minimise the direct financial cost to the participants
with regard to time taken from work or their daily activities. Individuals were offered
transportation to and from the assessment facility or reimbursed for any travelling costs.
In addition, individuals received remuneration for their time, an education session, and
a leaflet with information on symptom management. Participants were also offered the
option to bring their carer/spouse with them for support. The primary researcher (an
experienced physiotherapist and clinical educator) welcomed the participants, provided
an overview of the study (including the latest results from the project), and explained
the procedure of the session. Followed by a detailed explanation of the self-reported
questionnaires, which were completed by the individuals at their own pace during their
time at the facility. During the completion of the self-reported questionnaire, assistance
was provided by the primary researcher or a research assistant and included reading the
questions when the participant forgot their reading glasses, as well as explaining any
concepts or scales on the questionnaire. The primary researcher conducted all the objective
assessments. All efforts were made to always ensure the safety of participants with ample
chairs for resting and the research assistants standing in close proximity at all times.

2.4. Outcome Measures

Clinical, functional, biomechanical, and self-reported outcome measures were cho-
sen based on systematic reviews and feasibility studies on structural/functional disease
progression and patient subgroups in OA [5,26,27]. In addition, the literature on sup-
ported self-management for OA and other chronic conditions was consulted for measures
related to important components of self-management such as coping behaviour and self-
efficacy [28,29]. Clinical measures included height and weight for body mass index (BMI)
calculation; knee range of motion (ROM) flexion and extension, which were measured
using a standard goniometer; and muscle strength of knee extensors, which was measured
using a Lafayette Handheld Dynamometer following a standardised protocol (HHD). The
standardised protocol included three measures of each ROM and muscle strength per
measurement, and the average of the three measurements was used to ensure inter-tester
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reliability. Our functional measure was the 30 s chair stand test (30 s CST), and the biome-
chanical measure used was the gait deviation index (GDI) [30,31]. Seven self-reported
outcome measures were used. They included the Central Sensitisation Inventory (CSI) [32],
the 10-item Center for Epidemiologic Studies Depression Scale (Ces-D 10) [33], the patient
specific functional scale (PSFS) [34], the Oxford knee score (OKS) [35], the Brief Cope
questionnaire [36], the arthritis self-efficacy 8-item scale (ASES-8) [37], and the Global
Physical Activity Questionnaire [38]. Details on the outcome measures are presented in
Supplementary File S1.

2.5. Movement Analysis

All patient-reported outcome measures were printed on paper, and individuals were
assisted by research assistants in completing these in their language of choice. A VICON
Optical Motion Capture (OMC) system (version 2.11; Vicon Motion Systems Ltd., Oxford,
UK), specifically the MX T-series with the Plug-in-Gait (PiG) model, was used for data
collection. This advanced system utilises multiple high-resolution cameras to precisely cap-
ture and reconstruct marker trajectories, providing detailed information on body segment
positions and orientations relative to a global coordinate system. Renowned for its accuracy
and reliability, the VICON system, along with the Conventional Gait Model in PiG, is
extensively validated and commonly used in clinical research [39]. The setup included
eight VICON T-20 infrared cameras (Vicon Motion Systems Ltd., Oxford, UK) paired with
VICON Nexus 2.9.2 software, capturing data at 200 Hz. We used thirty-six 14 mm diameter
passive retro-reflective markers that were placed on key anatomical landmarks, with addi-
tional markers placed on the iliac crest of the pelvis to enhance tracking. All biomechanical
outcomes were calculated using the modified lower body PiG model in the Nexus 2.9.2
software. Additionally, gait events were captured using three time-synchronised, floor-
embedded force plates (one FP6090-15 and two FP6040-15 models from Bertec Corporation,
Columbus, OH, USA).

2.6. Data Analysis

Both discrete and continuous numerical variables were collected, alongside nomi-
nal, binary, and ordinal categorical variables. Frequency distribution (percentages and
counts) and contingency tables were used for reporting on the categorical variables from
predetermined answer options, and central tendency was used for reporting numerical
variables. Muscle strength percentages of the norm were calculated using normative data
per age group. Stata software (StataCorp. 2023. Stata Statistical Software: Release 17.
College Station, TX, USA: StataCorp LLC) was used for data management and analysis.
Selected variables were subjected to exploratory factor analysis (EFA) for the identification
and description of clinical presentation patterns in the population of individuals [23,40].
Missing data were subjected to full information maximum likelihood (only required for
GD], sit-to-stand, and BMI data where individuals were wheelchair bound).

2.7. Factor Extraction

As the first step in our EFA, principal component analysis (PCA) has been chosen
for factor extraction as it is a frequently recommended method for pattern recognition
amongst health-related variables, and it retains the total (both common and unique) vari-
ance between the original variables for analysis [23,40]. In addition, an orthogonal factor
rotation (promax) was used to reduce ambiguity and improve the interpretation of our
data [23]. Each variable had calculated weightings (factor loadings) which showed the rela-
tive contribution of each variable to the factor (clinical presentation pattern). Variables with
a contribution of 0.3 or more were considered relevant to the factor and were retained [40]
for descriptive purposes of the clinical presentation pattern. Variables with a weighting
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of less than 0.3 were removed from the model. For the factor to be considered a clinical
pattern (and based on the proposed sample size), it should have had at least 3 variables
contributing 0.3 or more to the factor, and the highest contributing variable should be 0.55
or more for clinical significance [23,40]. The Kaiser-Meyer—Olkin Measure of Sampling
Adequacy was 0.5148, which is acceptable for factor analysis, and the data suitability for
factor analysis was confirmed with the Bartlett’s test score of <0.0001. In addition, all the
factors were subjected to the Kaiser criterion and Joliff’s criterion, which states that the
factor must have an eigenvalue of >1 and a mean factor loading of >0.7, respectively, to
determine if they are eligible to be retained [40].

2.8. Factor Interpretation and Naming

Certain variables are present in more than one factor and were retained in each factor
for descriptive purposes, but the factor to which the variable contributes to most was
considered more significant for that variable. Variables contributing the most to the factor
and are modifiable with rehabilitation were considered a key driver for that factor, and
therefore were considered the key focus for intervention within the clinical pattern [23].
The factor compositions were data-driven and based on the loading patterns identified by
EFA and were not predetermined. The naming of each factor reflects the variables with the
highest loadings and the underlying clinical construct they were judged to represent.

3. Results
3.1. Demographic and Outcome Measures

A total of 72 individuals participated in the study. Table 1 provides an overview of
the results. The majority of participants were female (86.1%) with a mean age of 67.5 years.
The mean BMI was 35.8, which is classified as obese, with a standard deviation (SD) of
6.9, placing some individuals in the normal or severely obese categories. The mean gait
deviation index was 63 out of 100, showing that, on average, these patients scored below
the normal gait parameters, presenting with moderate to severely affected gait patterns.
Mean active knee range of motion was 85 (range 73-94), with many individuals achieving
less than the safe functional range of 80 degrees. Quadriceps muscle strength was, on
average, 35% of the norm for their age and sex. The 30 s chair stand test identified that
some patients were unable to complete one repetition during the test, with mean values of
4.6 (SD 3.1), which is less than a third of normal values for healthy individuals.

Table 1. Summary of the variables assessed.

Variable n=72 Missing Data (n)
Sex (female) 62 (86.1%)

Age (years) 67.5(SD 7.3)

Body mass index (kg/m?) 35.8 (SD 6.9) 23

Gait deviation index (0-100) 63 (SD 8.7) 23

Range of motion (0-135) degrees (median; IQR) 85 (IQR 73-94)

Muscle strength (median % of norm; IQR) * 35.1 (26.59-49.22)

Sit to stand (number of times) 4.6 (SD 3.1) 23

Arthritis self-efficacy score (0-100) 49.5 (SD 17.8)

Central Sensitisation Inventory (0-80) # 41 (SD 18.2)
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Table 1. Cont.

Variable n=72 Missing Data (n)
Centre of Epidemiology Depression Score (0-60) #  11.4 (SD 6.2)

Patient-specific functional score (0-30) 18.3 (IQR 3.33-33.33)

Oxford knee score (0—48) 28.4 (SD 10.2)

Physical activity mean (level of activity) dd 2.3 (SD 0.8)

* % of norm as per age and gender. ** Level of physical activity was categorised as 1 (high); 2 (medium/moderate),
and 3 (inactive). SD: standard deviation; IQR: interquartile range. # Higher scores relate to worse outcomes.

Most individuals reported an approach coping style as opposed to avoidance, using
religion as a means of coping with their pain. Patients also reported a moderate amount
of confidence in managing symptoms (using the ASES), with a mean self-efficacy score of
49.5 out of 80. The CSI showed that, on average, patients had moderate levels of central
sensitisation, but 40% of patients had severe/extreme central sensitisation. Most patients
reported minimal signs of depression; however, 26% of patients had scores that indicated
being at risk for clinical depression.

3.2. Factor Analysis

The factor analysis produced three distinct clinical presentation patterns (Table 2). The
first factor variables included being female, having poor biomechanics of the knee, being
obese, having a limited range of motion, and having poor self-efficacy. This variable was
named “gait and weight” due to the highest contributing variables being those of obesity
and gait deviation. The second factor variables included being male, having a limited range
of motion, poor sit-to-stand capability, having central sensitisation, reporting an approach
coping style, being depressed, and having severe pain. This variable was named “central
pain” due to the highest contributing variables being those of central sensitisation, coping,
and depression. The third factor variables include having poor muscle strength, limited
physical function, and being sedentary. This categorisation was the “functional” factor due
to the presence of only function-related variables.

Table 2. Factor analysis results with named variables and eigenvalues.

Variable Gait and Weight Central Pain Functional
Gait deviation index 0.7100

Body mass index —0.5977

Range of motion 0.5177

Muscle strength 0.3695

Sit to stand —0.3436
Self-efficacy 0.4980 —0.4891

Cope_approach 0.7665
Cope_avoid 0.3255 0.8065
Central sensitisation 0.8138

Depression 0.7655

Oxford knee score 0.4221 0.7094

Patient-specific functional scale 0.3394

Physical activity
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4. Discussion

This study aimed to identify and describe distinct clinical presentation patterns among
patients awaiting TKR in South Africa, using modifiable variables that could be targeted
with specific management strategies. Our analysis revealed three distinct factors: (1) gait
and weight, (2) central pain, and (3) functional. Each of these factors comprises variables
that resemble clinical patterns observed in the existing literature.

The first factor, gait and weight, aligns with previously described biomechanical and
metabolic phenotypes [12,41,42]. The gait variable, comprising the nine frontal and sagittal
knee moments and angles that were calculated in the GDI, provides a numerical value of
the amount of deviation from the norm in the gait. This is potentially due to the loss in
functional joint range that was seen in this factor, along with the changes in joint structure,
which causes deformity and changes the biomechanics of the knee joint as well as the joints
above and below [43]. Patients experiencing the most deviation in their gait pattern were
likely to be in this group and present with increased weight. Obesity, a significant chal-
lenge in South Africa, disproportionately affects vulnerable populations and contributes to
altered joint mechanics, increased articular surface loading, and accelerated joint degenera-
tion [42,44]. Addressing obesity requires a comprehensive approach, as outlined in South
Africa’s Strategy for the Prevention and Management of Obesity (2023-2028), including
equitable access to healthy foods, physical activity opportunities, and a capacitated health-
care system [45]. Having poor self-efficacy was another variable identified in the gait and
weight category, meaning patients felt they did not have enough confidence to manage
their OA-related symptoms. Notably, research has linked obesity with poor self-efficacy,
and enhancing self-efficacy through empowerment and education is critical to sustainable
weight management [46]. Hence, comprehensive weight management programs incorpo-
rating dietary modifications, physical activity promotion, and self-efficacy enhancement
strategies could be beneficial for patients who present with this clinical factor [47].

The central pain factor encompassed variables such as reduced functional perfor-
mance (e.g., sit-to-stand), central sensitisation, and depression. Self-reported symptoms
of central sensitisation, characterised by heightened pain sensitivity due to altered central
nervous system processing, were prevalent in a significant proportion (40%) of our sample,
higher than typically reported in end-stage knee OA populations (30%) [48-50]. Central
sensitisation is a result of maladaptive pain processing mechanisms, which cause structural
changes in the brain. Coupled with depression and sleep deprivation, it has been argued
that the risk for falls increases due to psychomotor retardation, deconditioning, and cogni-
tive impairments [51-53]. This subgroup may be more vulnerable to increasing disability
and reduction in quality of life while awaiting surgery, as chronic pain and psychological
distress can perpetuate a cycle of inactivity, deconditioning, and functional decline [54].
Addressing psychosocial factors and optimising physical function is crucial for successful
surgical outcomes in this subgroup, necessitating a staged approach integrating exercise,
education, functional activity, and psychological support. Therefore, individuals in this
group may benefit from multidisciplinary interventions addressing pain management,
psychological support, graded functional retraining, and strategies to break the cycle of
inactivity and deconditioning [55-57].

The functional factor, characterised by functional limitations, aligns with typical
phenotypes identified in previous research that are extra-articular in nature and not driven
by molecular mechanisms, but rather as a result of ligament instability, sarcopenia, and
non-use [2,3,58]. Joint pathology and degeneration contribute to muscular weakness,
particularly in weight-bearing joints, leading to challenges in activities like stair climbing,
kneeling, sit-to-stand transitions, and standing up from the floor [59]. Especially in older
adults who do not have the upper limb strength to assist them, struggling with transitional
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functions may lead to falls. The inability to stand up from the floor when they are alone
has serious consequences, such as dehydration and hypothermia. Prolonged waiting
times may exacerbate muscle atrophy and functional decline due to limited physical
activity [60]. For patients within this functional phenotype, preoperative strengthening
exercises and behavioural strategies to optimise levels of physical activity and reduce
sedentary behaviour may be relatively easy to implement, likely improving postoperative
outcomes [61].

Our findings support the need for clinical phenotyping in end-stage knee OA pop-
ulations, as we identified distinct patterns that may benefit from tailored rehabilitation
management approaches. In the South African context, where access to primary care is lim-
ited and waiting times for TKR are long [19], identifying clinical phenotypes can inform the
development of targeted preoperative interventions. By tailoring rehabilitation strategies
to the specific clinical presentations identified through phenotyping, we can potentially
optimise preoperative management, improve postoperative outcomes, and enhance overall
care for end-stage knee OA patients awaiting TKR in South Africa. Furthermore, early
identification of phenotypic profiles could guide timely interventions, potentially delaying
disease progression and reducing the need for surgical intervention in some cases.

A Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
statement, which provides guidelines for reporting observational studies, was completed
for this study (Supplementary File S2). The limitations of our study include its sole focus
on clinical, modifiable variables and excluding genetic, biomolecular, or advanced imaging
data. Our study employed a cross-sectional design, capturing a snapshot of the clinical
presentations at a single time point. Considering that OA is a progressive condition, longi-
tudinal studies are warranted to evaluate the stability and transition of these phenotypic
profiles over time, as well as their potential impact on long-term outcomes following
TKR. The study population was limited to patients awaiting TKR in a large hospital in
South Africa, potentially introducing selection bias and limiting the generalisability of
our findings to broader knee OA populations or different geographic contexts. While
we included a comprehensive set of clinical variables, there may be additional relevant
factors that could further delineate distinct phenotypes or subgroups within our identified
clusters. Future research should consider incorporating a broader range of variables, such
as physical activity patterns, dietary habits, or social determinants of health, to provide a
more holistic understanding of clinical heterogeneity. In addition, we used no quantitative
sensory testing for central sensitisation; therefore, we can only comment on what patients
have reported and cannot support the reported scores with sensory testing results. Despite
these limitations, our study contributes to the growing body of evidence supporting the
value of clinical phenotyping in end-stage knee OA management. In addition, there is
potential for some of the results to be generalisable to other LMIC settings when interpreted
alongside our previously published work (patient profile description). Future research
addressing these limitations, as well as exploring the implementation and outcomes of
phenotype-specific interventions, could further advance our understanding and improve
the care of individuals living with this debilitating condition.

5. Conclusions

In conclusion, this study provides valuable insights into the clinical presentation
patterns of patients awaiting TKR. Three distinct factors emerged: gait and weight, cen-
tral pain, and functional factors, each comprising variables reflective of clinical patterns
observed in the literature. Notably, a significant proportion of the population awaiting
TKR presents with central sensitisation, depression, and functional impairments in knee
range and strength. The gait and weight factor emerged as the strongest, highlighting the
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impact of obesity on TKR candidacy and outcomes. These findings suggest important
considerations for clinical practice. While the data are cross-sectional and do not imply
causation, they underscore the need for a multifaceted approach to management that
addresses both physical and psychological aspects in this patient population.
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BMI Body mass index
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Abstract: Background: Aging is associated with a decline in both motor and sensory
functions that destabilizes posture, increasing the risk of falls. Dynamic standing balance is
strongly linked to fall risk in older adults. Sensory information from the soles and trunk
is essential for balance control. Few studies have demonstrated the efficacy of targeted
sensory training on balance improvement. Objectives: To assess vibratory sensation
function in the trunk and sole using a vibration device and evaluate the effects of trunk
and sole tactile sensation training on dynamic standing balance performance in older
adults. Methods: In this randomized controlled trial, eighteen older adults were randomly
assigned to three groups: control (n = 8, mean age 66.6 £ 3.4), trunk training (n = 5,
mean age 71.0 £ 1.9), and sole training (n = 5, mean age 66.4 £ 3.6). The training lasted
for 10 weeks, utilizing vibratory stimulation at 128 Hz through tuning forks for 15 min
during each session, conducted three times a week. The primary outcomes were vibratory
sensitivity, assessed with a belt-fitted device on the trunk and a plate equipped with
vibrators on the soles, and dynamic balance, evaluated through force plate testing that
measured limits of stability (LoS) in multiple directions. Results: Correct response rates for
trunk vibratory stimulation significantly improved in the trunk training group (p < 0.05).
The rate of two-stimuli discrimination improved in both training groups. Significant
advancements in balance metrics were observed in the trunk and sole training groups
when compared to the control group, especially regarding anterior—posterior tilts (p < 0.05).
A positive correlation was identified between two-point vibratory discrimination and LoS
test performance. Conclusions: Sensory training of the trunk and sole enhances balance
performance in older adults, suggesting potential benefits for fall prevention. Future
studies should assess long-term effects and explore optimal training duration with larger
sample sizes.

Keywords: dynamic standing balance; sensory stimulation training; older adults

1. Introduction

Aging is associated with a decline in both motor and sensory functions which desta-
bilize posture, resulting in increased risk of injury, hospitalization, and even mortality
due to falls [1]. One study reported that one-third of all older adults in the United States
suffer falls every year [2], while the rate of falls among older adults in Japan every year
is reported to be over 20% [3]. Fractures due to falls are a particularly major risk factor
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for older individuals to need care, while the gait and balance disorders accompanying a
decline in muscle strength are a risk factor for falls [1].

The most frequently used technique to evaluate the ability of static and dynamic
postural stability is the measurement of the position and displacement of the center of
pressure (COP) by using a force plate as a clinical assessment [4,5]. Static balance is the
ability to maintain postural stability and orientation with the center of mass over the base
of support and the body at rest. Dynamic balance is the ability to maintain postural stability
and orientation with the center of mass over the base of support while the body parts
are in motion [6]. Moreover, dynamic standing balance is deeply related to falls in older
adults [7,8]. Regarding dynamic balance, the maximum ability to move forward, backward,
leftward, and rightward while standing was used as an important evaluation of dynamic
balance ability [9].

Obtaining accurate sensory information from the soles of the feet is essential for the
control of standing balance [10]. In our prior study, we developed a device to evaluate
vibratory sensation as a form of tactile sensation [11]. Using this device, we showed
that sensory function in the toes and the soles is lower in older people than in young
people, and that sensation in the soles of the feet affects standing balance [11,12]. Other
studies have reported that this tactile sensation of the legs is related to standing balance
performance [12-14]. Several other studies found that the vibrotactile feedback system
could be used to improve postural sway [15,16]. However, these studies did not show the
effect of sensory training on balance ability, nor did they clarify the supportive relationship
between sensation and balance ability.

In addition to the soles of the feet, standing balance is also significantly affected by
the movement of the center of gravity, which is present in the trunk (in the region of the
pelvis) when standing [17]. For this reason, a number of studies have focused on the effects
of trunk function on sitting and standing balance [18-20]. Just as foot sole sensation is an
important element in standing balance, it may also be conjectured that the tactile sensation
of the trunk would be important in standing balance. However, virtually no studies of the
effects of tactile sensation of the trunk on standing balance have been performed.

Balance training is used as a means to prevent falls in older adults, and this is mainly an
exercise intervention. A variety of intervention programs have been developed for muscle
strength training, mainly focusing on the legs and the trunk, postural balance training,
and gait training [21-23]. As such, the most common approach to preventing falls is to
maintain or improve balance performance through motor function training. A few studies
have found that multisensory (visual, vestibular, and somatosensory) exercise is effective
at improving balance in individuals with balance disorders [24,25]. However, studies of
methods to improve balance performance through training of the tactile sensory function
aspect, an important element in maintaining standing balance performance, remain rare.

While vibrotactile stimulation has been explored in several studies, these approaches
have predominantly utilized vibrotactile biofeedback systems [26,27] or whole-body vibra-
tion platforms [28], rather than targeted sensory training protocols designed to enhance
proprioceptive and tactile acuity. For instance, Sienko et al. [26] employed vibrotactile feed-
back devices as balance aids but did not seek to improve the underlying sensory processing
capabilities. Furthermore, previous sensory interventions have typically concentrated on
the lower extremities alone [29], overlooking the essential role of trunk somatosensation in
maintaining postural stability [30]. Although somatosensory information is important for
postural control, existing interventions have largely overlooked the potential for targeted
sensory training, instead favoring compensatory approaches or general exercises that do
not specifically address the decline in sensory acuity among older adults [26-28].
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The present study therefore aims to reveal the characteristics of vibratory sensation
function in the regions of the trunk and sole in older people using a vibration device de-
veloped by our research group, and to verify the effects of trunk and sole tactile sensation
training on dynamic standing balance performance in older people. Using our specialized
vibration device, we implemented a targeted training protocol that provides precise vibra-
tory stimulation to enhance sensitivity in these key sensory regions. Our protocol possesses
the potential to bridge a gap in sensory training by targeting the trunk and soles—key areas
for postural control that provide vital sensory input. These findings may assess whether
targeted sensory training can improve acuity and balance in older adults, offering a novel
fall prevention approach.

2. Materials and Methods
2.1. Participants

The participants comprised 18 right-handed /footed older adults (nine men, and nine
women) divided randomly into three groups: the control group, and the sole and trunk
training groups. General information, including age and history of falls, was collected
for each group. The control, trunk, and sole groups comprised eight participants (three
men, and five women, mean age: 66.6 = 3.4, mean height: 158.8 & 7.0 cm, and mean
weight: 57.2 &+ 12.5 kg), five participants (five men, mean age: 71.0 £ 1.9, mean height:
169.0 + 2.8 cm, and mean weight: 59.2 + 4.7 kg), and five participants (one man, and
four women, mean age: 66.4 + 3.6, mean height: 157.9 + 5.5 cm, and mean weight:
54.6 £ 4.1 kg), respectively. All participants were independent in their activities of daily
livings (ALDs). In addition, participants had no history of falls within the year prior to this
study. Participants were randomly divided into three groups.

To evaluate the effects of vibratory sensation training in the trunk and sole regions on
standing balance, a training period (10 weeks) was established for both training groups,
and vibratory sensation and standing balance were evaluated in the same manner as in the
initial evaluation.

All participants received verbal and written explanations of the study before providing
their written informed consent, with an assurance that their participation would be strictly
voluntary, that their non-participation would not result in any disadvantage, and that their
personal information would be protected. This study was conducted with the approval of the
institutional review board of The University of Tokyo (approval review no. 21-230, 21-231).

2.2. Details of the Trunk and Sole Training

The training period for both the trunk training group and the sole training group
lasted 10 weeks. Three evaluations—initial, intermediate, and final—were conducted in
the first week, in the middle of the fifth week, and finally in the tenth week. Trunk training
groups were carried out by delivering vibratory stimulation to the back of the trunk to
train sensation to vibratory stimulation. Training was performed using two vibratory
sensation test tuning forks (128 Hz). Using these tuning forks, a researcher randomly
applied vibratory stimulation to one or two of the twenty sites, each with an area of
5 x 5cm?, and arranged five horizontally by four vertically on the trunk region of the
participant, and the participant responded when they felt the stimulation. According to the
sole training, using two tuning forks, two sets of training were performed three times each
on the five toes, the forefoot area from the first to the fifth toe, and the heel area. Using
these tuning forks, a researcher randomly applied vibratory stimulation to one or two of
the three areas, and the participant responded when they felt the stimulation. The trunk
and sole trainings were carried out for 15 min at a time, three or more times a week.
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2.3. Evaluation of Trunk and Sole Region Vibratory Sensation

Vibratory sensations in the trunk and sole regions were evaluated in the three groups
using the developed vibratory stimulation device (Kyowa Electronic Instruments Co., Ltd.,
Tokyo, Japan). The main specifications of the vibrators (diameter 14 mm, thickness 3.7 mm,
weight 1.6 g) included a frequency range of 150 Hz, a voltage of 3 V, and a duration of one
simulation time of 1 s. The vibratory stimulation intensity was maintained at a constant
level with no variation. The vibratory sensation in the trunk region was evaluated using a
developed vibratory stimulation device. Vibratory stimulation was delivered to the trunk
region via a belt worn around the participant’s trunk, which was fitted with nine vibrators
arranged in a pattern 15 cm vertically x 20 cm horizontally (Figures 1 and 2). Participants
were instructed to respond to how many vibrators they could identify. Table 1 lists the
trunk vibration stimulation patterns. For a single trial, the participants were presented
with 26 vibratory stimuli, and one trial each was carried out on the left, center, and right
sides of the trunk, yielding a total of 78 stimuli. Three vibration patterns were presented
randomly: stimulation at zero sites, stimulation at one site, and simultaneous stimulation
at two sites. Additionally, for simultaneous stimulation at the two sites, the two vibrators
were placed vertically, horizontally, and diagonally (Table 1).

i

Aa

Figure 2. Image showing the experimental posture of sensory evaluation in the trunk region.
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Table 1. Overview of the vibrator arrangement and vibration stimulation pattern for the trunk
vibration sensation evaluation.

Condition Vibrators in the Trunk Position
/) One stimulus 1,2,3,4,5,6,7,8,9
I Two stimuli (Vertical) 1-2,4-5,7-8, 2-3, 5-6, 8-9
VR / (Horizontal) 1-4,4-7, 2-5,5-8, 3-6, 6-9
o0 (Diagonal) 1-5,5-9,7-5,5-3
|| aue No stimulus N/A

The conditions for the sensory test using vibration stimulation of the sole of the foot
are presented in Figures 3 and 4 and Table 2. Overall, six vibrators were placed on the sole
vibration plate, with five one-point stimulations, seven two-point stimulations, and one
without stimulation (Table 2). Under these conditions, vibration stimulation was randomly

presented to the participants 15 times per trial. Stimulation was applied 45 times total
across three trials.

Figure 4. Image showing the experimental posture of the sensory evaluation in the sole region.
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Table 2. Overview of the vibrator arrangement and vibration stimulation pattern for plantar vibration
sensation evaluation. The a—f symbols in vibrators correspond to the a—f symbols on the sole shown

on the left.
Condition Vibrators Plantar Position(s) (Abbreviation)
= One stimulus a Hallux Hallux
e b Thenar eminence TE
C Hypothenar eminence HE
' d Proximal first metatarsal P1IM
° f Heel Heel
Two stimuli a-b Hallux-Thenar eminence Hallux-TE
a—d Hallux-Proximal first metatarsal Hallux-P1M
b-d Thenar eminence-Proximal first metatarsal TE-P5M
b-f Thenar eminence-Heel TE-Heel
c—e Hypothenar eminence-Proximal fifth metatarsal HE-P5M
@ c—f Hypothenar eminence-Heel HE-Heel
e—f Proximal fifth metatarsal-Heel P5M-Heel
No stimulus N/A No vibration No vibration

In both the trunk and sole sensory evaluations, participants were instructed to answer
whether the stimulation was given in “zero sites”, “one site”, or “two sites”. To avoid
any visual or auditory influences, the participants were seated and wore eye masks and
headphones for evaluation.

The vibrators used in the vibratory stimulation device were small vibration motors
(Kyowa Electronic Instruments Co., Ltd.), commonly used in mobile telephones. The
voltage of the vibrator used in this study was equal to or less than 3 V. The vibrator device
did not directly touch the participants’ skin. The system used a one-chip microcomputer
(PIC16F84A; Microchip Technology Inc., Chandler, AZ, USA) to control all vibrators. The
system could produce mechanical vibrations of up to 100 Hz. The time required for the

stimulus to travel to all the points was limited to 1.0 s for all patterns.

2.4. Evaluation of Standing Balance Using a Force Plate

The measurement device for the standing balance was a force plate (Kyowa Electronic
Instruments Co., Ltd.) that measured body sway parameters (Figure 5), which contained
four transducers, one in each corner of the force plate, to measure the vertical forces
indicating postural sway. The signals from the transducers were amplified and digitized
using a computer. The computer program provided several indices of body sway calculated
from the center of pressure. The accuracy and hysteresis of the force plate were £1% and
£0.1%, respectively. The sampling rate of the force plate was 100 Hz.

To evaluate dynamic balance, the limits of stability (LoS) in the anterior, posterior,
leftward, and rightward directions were measured [31]. The LoS test assessed the maximum
displacement of the COP in both anteroposterior and lateral directions that participants
could voluntarily maintain without altering their foot position and falling while standing
upright with their knees extended. The participants performed this test standing barefoot
with their arms at the sides of their bodies and eyes open, while looking at a marker
placed 1.2 m in front of them. The standing position of all participants was measured
barefoot under two conditions: on the force plate and on the force plate with a mattress
spread over it. This method measures the sway of the body sway during standing posture
where the sensation of the soles of the feet is disturbed by a mattress with maintaining
the initial ankle joint position [32,33]. The study utilized a mattress (Balance pad, ATREX®,
size: 410 x 500 x 60 mm, weight: 700 g, polyvinyl chloride resin foam) for the clinical
assessment of the effect of sole tactile sensory interaction on postural stability, related to
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the CTSIB (Clinical Test of Sensory Interaction in Balance) [34]. The mattress provided a
stimulus to the participant’s sole without the movement of the ankle joint [32].

Figure 5. Image showing the evaluation scene of balance performance.

2.5. Analysis

The items for analysis from the trunk and sole sensory tests included the responses to
stimulation of one and two sites. The items for statistical analysis obtained from the force
plate included the data from four directions in the LoS test. The total LoS test value was
also calculated based on the results of the left-right and right-anterior sways.

First, analysis of variance (ANOVA) was employed to identify significant differences
between responses to stimulation of one and two sites, and to examine the main effects
of the training group (control, trunk, and sole groups), number of rounds (1-3; Initial,
intermediate, and final evaluations), positions to vibrate, and the interactions among these
factors for these responses by the number of stimulated sites (0-2). Before the ANOVA, an
aligned rank transformation (ART) [35,36] was performed on the scales, as the responses
were non-normally distributed. The significance of the main effects was determined using
post hoc multiple comparison methods, based on the least-squares means and Tukey’s
multiplicity adjustment [37,38]. Subsequently, we calculated the effect sizes, including
the partial 7% and Cohen’s d, and determined the degree based on Cohen’s effect size
indices [39]. The level of significance was set at 5%.

Moreover, a robust multiple regression was performed with the dynamic sway data
(five values from the LoS test: value for each of the four directions, including the anterior,
posterior, left, and right values, and total value for the four directions) as dependent
variables, and the experimental conditions and the rate of correct responses in sensory tests
as the independent variables. We also calculated Pearson’s correlation coefficients, and we
checked the significance of these coefficients. The significance levels were set at 5% and
10%, respectively.
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3. Results
3.1. Vibratory Sensation Evaluation

Figures 6-8 present the correct rates for guessing no stimulation, identifying when one
vibration was presented, and identifying when two stimuli were presented, respectively. In
these figures, the correct rate of vibration is plotted for each training group (control, sole,
and trunk) and presentation location (sole and trunk) in relation to the number of rounds
(one, two, and three). The thick black horizontal lines of these figures represent the median,
while the red diamonds and error bars indicate the mean and standard error, respectively.
In the absence of vibration, the mean and median percentages of correct responses were
generally above 90%, regardless of the group allocation, stimulus location, or number of
rounds, suggesting that few participants in the experiment experienced daily phantom
vibrations. However, as the number of rounds increased, the percentage of such correct
responses in the sole and trunk training groups increased, while in the third round, the
percentage of correct responses in the sole and trunk presentations was 100% for both the
sole and trunk groups, indicating that only the control group had a significant number of
errors (x2(2) = 7.26, p =0.027 < 0.05. The adjusted Pearson’s residual value for the control
group were as follows: 2.69, p = 0.043 < 0.05).

Group : Control Group: Sole Group : Trunk
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Figure 6. Correct rates for guessing no stimulation when there was no presented vibration. The thick
black horizontal lines of these figures represent the median, while the red diamonds and error bars
indicate the mean and standard error, respectively.

Regarding the one-stimulus condition, an ANOVA performed on the correct rates
confirmed a significant main effect of the training group and vibration location (p < 0.05).
The exact statistical value of these significant factors in the correct rates was as follows:
training group: F(1,2) = 15.8, p < 0.001, partial % = 0.04 (medium); vibration places: F(1,1)
= 270.8, p < 0.001, partial 7% = 0.27 (large). Furthermore, the interactions among these
factors were significant, with the exact results as follows: training group and vibration
place: F(1,2) = 31.4, p < 0.001, partial 2 = 0.08 (medium). Although the significance level
was not achieved, the following results are also noted: vibration place and number of
rounds: F(1,2) = 2.83, p = 0.060, partial 7% = 0.008 (negligible).
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Figure 7. Correct rates for guessing a single vibration when a single vibration was presented to the
participant. The thick black horizontal lines of these figures represent the median, while the red
diamonds and error bars indicate the mean and standard error, respectively.
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Figure 8. Correct rates for guessing two vibrations when two vibrations were presented to the sole
and trunk. The thick black horizontal lines of these figures represent the median, while the red

diamonds and error bars indicate the mean and standard error, respectively.

The correct rates for stimulation with one vibration was lower in the trunk training

group than in the other groups, especially for the presentation of vibration to the sole
(t(738) = 5.0, p < 0.0001, d = 0.51 (medium)), while the correct rate of vibration to the
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trunk increased significantly with the number of rounds (r = 0.27, £(133) = 3.14, p = 0.002).
However, there was no significant difference between the sole and trunk training groups,
even when the vibration was presented to the trunk.

Regarding the correct rates of guessing the presence of two stimuli, ANOVA identified
significant main effects for the training group (F(1,2) = 29.1, p < 0.001, partial 5 = 0.048,
middle effect size) and vibration combinations (F(1,9) = 35.4, p < 0.001, partial 72 = 0.22,
large effect size). For the number of rounds, although the p-value approached but did not
reach the conventional significance threshold (F(1,2) = 2.39, p = 0.09, partial 52 = 0.004), the
effect size suggests this factor had minimal practical impact on the results. Further, the
interactions among these factors were significant, as follows: training group and vibration
combinations: F(1,18) = 2.0, p = 0.008, partial 172 = 0.03 (medium); vibration combinations
and number of rounds: F(1,18) = 1.88, p = 0.014 < 0.05, partial 7% = 0.028 (small).

The rate of correctly guessing the presence of the two stimuli tended to be higher
in both the trunk and sole training groups compared with the control group (p < 0.001).
Moreover, the correct rates changed with repetition, with the training group showing a
significant increase in the correct rates for trunk vibrations. Figure 9 presents the correct
rates for each combination of the two stimulation points in the sole and trunk, with an
effect size d, as compared with the performance of the horizontal vibration on the trunk for
convenience. For the sole, the percentage of correct responses was significantly higher when
stimulation was applied to the proximal first metatarsal (P1M) and anywhere else vs. when
stimulating the other two points of the sole. In particular, the correct response rate was
significantly lower when the heel was stimulated than when the first proximal metatarsal
was stimulated. The two-point discrimination results for the trunk were also significantly
more accurate than those for the sole, except when the proximal first metatarsal and another
point were stimulated. For convenience, Figure 10 presents the relative correct rates when
two vibrations were presented on the trunk for each training group, with an effect size d,
when compared to the control group. The correct response rates were significantly higher
in the trunk and sole training groups than in the control group. Figure 11 presents the
correct rates in the training sessions for convenience, with an effect size d, when compared
to the results of round 1. The correct rates for round 3 were significantly higher than those
for rounds 1 and 2.
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(Trunk) 2.Vertical 4
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(Sole) 4.HE & P5M A —o—
(Sole) 5.P5M & Heel 4 ——
(Sole) 6.TE & Heel 1 —— J
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Figure 9. Effect size of the correct response rate for each of the two stimulus locations on the trunk and
sole for participants to correctly guess the presence of the two stimuli. Effect sizes are relative to the
(Trunk) 1. Horizontal condition. Significant differences were obtained through multiple comparisons.
The red and blue dotted lines indicate values with large effect sizes.
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Figure 10. Effect size of the correct response rate for each of the two stimulus locations on the trunk
and sole for participants to correctly guess the presence of the two stimuli. Effect sizes are relative to
the control group. Significant differences were obtained by multiple comparisons. The blue dotted
lines indicate values for which the effect size is about large (0.8), medium (0.5), or small (0.2).
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Figure 11. Effect size of the correct response rate for each of the two stimulus locations on the trunk
and sole for participants to correctly guess the presence of the two stimuli. Effect sizes are relative
to the results of round 1. Significant differences were obtained by multiple comparisons. The blue
dotted lines indicate values for which the effect size is about medium (0.5), or small (0.2).

3.2. Evaluation of Standing Balance Performance with a Force Plate

Dynamic balance was evaluated using the mean maximum displacement values with
the body inclined in the anterior, posterior, right and left directions (tilts) while standing.
Figure 12 shows the tilt performance difference in the training groups from the first to
fourth rounds and control groups in these directions with or without a mattress. Figure 13
shows the results of the total LoS test for the same groups with and without a mattress. In
the initial evaluation, the maximum displacements in the control group were approximately
60 mm anterior tilt, 54 mm posterior tilt, 60 mm right tilt, and 57 mm left tilt. Conversely,
the maximum displacement values in the trunk-training group were approximately 79 mm
of anterior tilt, 78 mm of posterior tilt, 74 mm of right tilt, and 88 mm of left tilt. In the
post-training evaluation, the maximum displacement values in the trunk-training group
were approximately 80 mm anterior tilt, 8 mm posterior tilt, 83 mm right tilt, and 82 mm
left tilt.
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Figure 12. Dynamic balance performance with and without a mattress. Top left: anterior tilt, top right:

posterior tilt, bottom left: left tilt, bottom right: right tilt. The top and bottom of each graph indicate

the case with and without a mattress, respectively. Round 0 refers to the period before the intervention.

The box plots in white, red and blue are the results for the control, sole training and trunk training

groups, respectively.
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Table 3 presents the statistical results of the effects of the experimental conditions
on dynamic balance performance. In general, significant differences were found in some
balance metrics in the trunk and sole training groups against the control group. While
significant differences were confirmed in the number of rounds and the use of the mattress
in the anterior and posterior tilts as well as in the total tilt of LoS test, no significant
differences in the number of rounds were confirmed in the left and right tilts. Furthermore,
with regard to the correct response rate for vibration, the higher the discriminative ability in
the trunk, the greater the tilts, but there was no significant relationship between the correct
response rate for the sole and the tilts. Table 4 shows the correlation coefficient between
correct rates of vibrations and LoS tilts. When the correct response rate was high for the
two vibrations on the sole and trunk, a correlation was confirmed in which the tilt value
became significantly larger. According to the value of the correlation coefficient, while the
correct response rate of the two vibrations on the sole was significantly correlated, that of a
single vibration on the sole would correlate negatively to the tilt values. However, as no
significant difference was found in the correct rates for the sole in Table 3, the significant
correlation on the sole might be less dominant than the sole training group itself.

Table 3. The p-values acquired by robust multiple regression analysis for rounds, mattress usage,
correct rates to the two vibrations, places to vibrate, and training groups with dynamic balance
performances (LoS test). The results are rounded to the fourth decimal place.

Anterior Tilt Posterior Tilt Right Tilt Left Tilt Total Cross Test

r 14 14 14 p
Rounds <0.001  *** <0.001  *** 0.130 0.415 0.029 *
Mattress usage <0.001  *** <0.001  *** 0.008  ** 0.169 <0.001  ***
Correct rates (sole) 0.626 0.324 0.896 0.599 0.550
Correct rates (trunk) 0.024 * 0.003  ** 0.004 ** 0.005 ** 0.015 **
Training group (sole) <0.001  *** <0.001  *** 0.007 ** 0.007 ~ *** <0.001  ***
Training group (trunk) <0.001  *** <0.001  *** 0.001 ** 0.001  *=* <0.001  ***

w5 p < 0.001, **: p < 0.01,* p < 0.05.

Table 4. The correlation coefficient between correct rates of vibrations (column) and LoS tilts (row).
Orange and red bold text indicates significant coefficients (p < 0.05) with small and medium effect
sizes by Cohen’s criterion [39].

Anterior tilt
Posterior tilt
Right tilt
Left tilt
Total tilt

0.41
0.43
0.45
0.48

Sole Trunk
0 Vibration 1 Vibration 2 Vibrations 0 Vibration 1 Vibration 2 Vibrations
0.10 —0.06 0.19 0.16 —0.02
0.08 —0.29 0.16 0.08 0.05
0.10 —0.19 0.27 0.01 0.03
0.07 —0.20 0.28 0.08 —0.02
0.10 —0.21 0.25 0.09 0.01

0.49

Therefore, based on the results described in Figures 12 and 13, as well as Tables 3 and 4,
vibration training for both the trunk and the sole positively impacts balance ability. The
larger sway seen in the training groups versus controls reflects a better capability to shift
the center of pressure towards stability limits while maintaining balance. This increased
movement range signifies improved dynamic postural control rather than instability, as
supported by previous research [31]. In dynamic balance tasks such as our LoS assessment,
larger controlled movements usually suggest superior balance performance and increased
movement confidence, contrary to static balance tasks, where reduced sway is generally
preferred [40]. However, when examining the relationship between discrimination ability
and balance ability, it was found that while vibration discrimination ability for the trunk
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could have a positive relationship with balance ability, the discrimination ability for the
soles may not affect to balance ability.

When comparing the training groups, the anterior and posterior tilts and the total
LoS test for both the trunk and sole training groups were larger than those of the control
group for factors where significant differences were observed. In the anterior tilt, the sole
exercise group showed significantly greater improvement than the trunk exercise group
(p =0.013 < 0.05, d = 0.27 (small)), whereas in the posterior tilt, the trunk exercise group
showed significantly greater improvement than the sole exercise group (p < 0.001, d = 0.46
(medium)). There was no significant difference in the left and right tilts between the plantar
and trunk groups (p > 0.10, d < 0.2 (negligible)).

Thus, the results indicated that after 10 weeks of training, there could be a significant
improvement in dynamic balance performance in the sole and trunk training groups
compared with the control group.

4. Discussion

The flexibility and stability of the foot arches are closely related to standing and
walking balance [41]. In particular, a low medial longitudinal arch (MLA) can negatively
affect balance by disrupting foot stability and the relationship between the foot and the
floor [42-44]. Moreover, several studies have reported a relationship between arch patholo-
gies and poor postural sway in young adults and seniors aged over 65 years [45]. Because
the longitudinal arch is known to have a significant influence on balance, in the present
study, we decided to present vibration stimulation methods focusing on the medial arch of
the sole, which is particularly important.

Several researchers have proven the effectiveness of vibrator stimulation at improving
dynamic balance [12,46,47]. For the plantar vibrator stimulation, Khalifeloo et al. [48]
indicated that vibratory stimuli applied to the plantar region of patients’ post-stroke could
have beneficial effects on dynamic balance, as assessed by the timed “Up & Go” (TUG)
test [49,50]. Onala et al. further showed the effectiveness of local vibration stimulation
training applied to the plantar region of the foot with conventional rehabilitation on static
and dynamic balance in stroke patients [51]. The results of the present study showed that
the effects of 10 weeks of plantar vibration stimulation training may improve dynamic
balance ability.

Regarding the influence of trunk vibration somatosensory stimulation on standing
balance, Goldberg et al. reported that trunk repositioning errors (TREs) were reliable and
valid measures of underlying balance impairment in older adults, indicating that TREs may
ultimately be proven to be a marker of fall risk. Further, TREs indicated the assessment of
trunk position sense difficulty [52]. In another study, Sonasath et al. reported that children
with spastic diplegic C.P. with better lumbar position sense scored greater in static and
dynamic balance [53]. To the best of our knowledge, studies investigating the effects of
somatosensory stimulation on the trunk on balance are rare. In this study, similar to plantar
vibration stimulation training, the results showed that trunk vibration stimulation training
could be expected to have an effect on dynamic balance ability.

Overall, this study found no significant difference between the two groups in the
vibration sensation training group for the sole and the trunk (Figure 10); however, the
correct response rate with stimulation of the two sites was generally lower than that with
stimulation of one site after training (Figures 7 and 8). This is similar to the finding that
older adults tend to show decreased sensitivity to vibratory stimulation in threshold tests
for vibratory stimulation delivered to their legs [12,14,54]. On the other hand, the correct
response rate for vibration stimulation showed a significant increase as the number of
training sessions increased (Figure 11). Therefore, it was suggested that vibration sensation
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training enhanced vibration sensation. Although no significant difference was observed
in this study, the fact that the effect size was larger when the vibration stimulators were
positioned diagonally than when they were arranged horizontally or vertically (Figure 9) is
consistent with the results of previous studies that investigated tactile pressure sensation
in the fingers [55,56].

According to the results of Tables 3 and 4, there was a significant positive correlation
between the correct response rate for each of the two-point stimuli on the trunk and sole,
and the limits of stability (LoS) test. However, for the sole, the positive response rate for
single-point stimulation was negatively correlated with the ability to maintain dynamic
postural stability. In other words, improving sensation through sensory training of the
trunk and sole could be related to improving dynamic balance. However, improving
sensation at a single point on the sole may have a greater effect on static dynamic balance
than dynamic balance [6,11,15,56]. A one-point stimulus is a local stimulus and a two-point
stimulus indicates the direction of the stimulus, providing a sense of spatial awareness
related to dynamic balance. Further investigation is needed to explore how single- and
two-point stimulations affect static and dynamic standing balances. These findings suggest
that improving the tactile function of the trunk and the sole is important for posture control.
Additionally, the results in Tables 3 and 4 also highlight the importance of discriminating
between multiple vibrations. These findings suggest that improving the tactile function
of the trunk and the sole is important for posture control, and the results in Table 4 also
suggest that discriminating between multiple vibrations is particularly essential. Indeed, it
has been reported that the simultaneous stimulation of two sites requires more complex
processing than a single stimulation of one site, and hence, it is more difficult for older
people to perceive [57,58].

Mechanoreceptors that react to the simultaneous stimulation of the two sites are likely
to affect spatial resolution and postural changes. Improvement in sensing and reaction to
stimulation of the two sites may, therefore, allow a person to perceive movements of the
center of gravity and thus control posture, meaning that trunk sensory training may be
important for postural control.

The results further indicated that plantar stimulation improved the dynamic balance
ability in the direction of the anterior and posterior body sway. Parsons et al. [59] further
indicated that plantar sensation on the affected side of patients with stroke was correlated
with the Berg Balance Scale (BBS) [60] and the anteroposterior center of pressure variability
in the eyes-closed standing position. Moreover, Wanderley et al. reported that the applica-
tion of local vibration to the plantar region has beneficial effects on postural control along
the anteroposterior axis [61]. These findings are consistent with our results.

In the present study, the results of the logistic regression analysis showed an associa-
tion between the correct response rate with vertical stimulation of the two sites and the
forward and backward displacement values in the LoS test; however, equations were only
found for the total anteroposterior movement of the center of gravity, which is easy to
understand as the movement of the trunk, and vertically paired stimulation of the trunk
region, which had a good rate of correct responses. Several prior studies have reported that
tactile sensations, such as touch—pressure sensation and vibratory sensations of the sole,
are important in relation to standing balance and gait performance [62-64]. Several studies
have also reported that the reactions to tactile sensation of the sole are dominant over
reactions to visual and vestibular sensations as reactions for postural control [65,66]. From
this, it could be concluded that tactile sensations in the soles and trunk are particularly
important for avoiding falls while standing or walking. The high correlation between the
tactile sensation of the trunk and the dynamic center of gravity data in the present study
indicates the importance of sole and trunk sensory in preventing falls.
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Several scholarly articles address the physiological mechanisms through which vi-
bration sensory stimulation training influences human physical movement. Vibratory
sensory stimulation impacts motor control by activating sensory receptors and integrating
information within the somatosensory and association cortices. This study posits that
vibration applied to the trunk or soles may enhance postural muscle activity in older adults
experiencing age-related sensory decline; however, the underlying neural mechanisms
require further investigation [67]. This study examined whether subsensory vibratory
noise generated by a piezoelectric insole could enhance sensation, balance, and gait among
older individuals. The findings indicated improvements in balance and gait, suggesting
that applying stochastic resonance to the foot’s sensory systems may contribute to fall
prevention. In contrast to our study, previous research employed short-term stimulation
(lasting less than two weeks), specifically targeting only the medial plantar arch [68]. Neck
muscle vibration (NMV) and trunk proprioception significantly influence body perception
and postural control. NMV induces an illusion of muscle stretching, thereby shifting the
center of pressure (COP), while trunk vibration modifies gait trajectory. Both observations
imply that vibratory stimulation can effectively modulate COP, showcasing its utility as
a tool for postural training [69]. Sensory training aimed at both the trunk and soles can
enhance standing balance, although their individual contributions remain ambiguous.
Further research should investigate the effects of trunk and plantar sensations on postural
control across various movements, such as standing, walking, and different phases of gait,
to optimize sensory training tailored to each posture.

In clinical implications, vibratory stimulation is inherently safe, poses no risk of side
effects, and is cost-effective, making it highly practical. The results of this study have
clarified that sensory training of the soles of the feet or the trunk is connected to improved
dynamic standing balance ability. Accordingly, when the standing balance ability of older
adults is decreased or lost, we believe that it is important to actively evaluate and train the
senses of the trunk and the soles of the feet, in addition to the conventional balance training
practiced in clinical settings. Furthermore, the type of shoe insole and trunk orthosis with
vibratory stimulators are considered valuable as portable sensory training devices that can
facilitate the sensation of the soles of the feet and the trunk. By utilizing a vibration device
or a balance training app based on IMU (Inertial measurement unit), motion analysis can
be conducted in a game-like manner, which can boost user motivation and create a more
effective training method under appropriate medical professional guidance.

Limitations

Although the LoS data were used as an index of dynamic balance ability in this study,
adjustments may be necessary when comparing groups of different heights. To further
clarify the relationship between dynamic balance ability and sensory training, it is essential
to measure trunk and lower extremity joint movements and muscle activity using various
motion analysis methods to analyze the relationship factors with higher accuracy. Addition-
ally, it is important to consider measuring brain activity to support the impact of sensory
training on standing balance ability. When collecting data on older adults’ characteristics,
it is essential to acknowledge that differences in age, slight variations in sensory thresh-
olds, and personal physical activity abilities may also influence responses to vibratory
stimulation. This will include examination of the superiority of the effects on standing
balance of a trunk training group and a sole training group, examination of the effects on
standing balance of long-term sensory training of 12-14 weeks or more with a larger sample
size, examination of sex differences, and examination of the specifications of the vibratory
device, including miniaturization and vibratory stimulation at different frequencies.
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The sample size in this study may have been insufficient. Concerning the result of the
X2 test presented in Section 3.1, which indicated that the control group committed signifi-
cantly more errors than both the sole and trunk training groups as the number of rounds
increased, the power analysis conducted using the pwr (ver. 1.3.0) and pwrss (ver. 0.3.1)
packages in R [70,71] revealed a value of 0.67, which falls short of the threshold of 0.8.
However, a post hoc power analysis of the ANOVA results presented in the same section,
conducted using the Superpower package (ver. 0.2.0) of the R software (ver. 4.2.2) [72],
indicated that the statistical power exceeded 0.8 for all the factors and interactions that
demonstrated significance. When we analyzed the post hoc power of the significant re-
sults from the multiple comparisons using the PMCMRplus package (ver. 1.9.10) in R
software [73], we found that the power exceeded 0.8 whenever a significant difference
was observed. Furthermore, concerning the outcomes of the robust regression illustrated
in Figure 3, the power analysis based on R? utilizing the aforementioned pwr and pwrss
packages [70,71] revealed that all tilt parameters exhibited a power greater than 0.8. This
observation also indicates that internal validity was upheld to some extent, despite the
limitations imposed by the sample size. Using the same power analysis packages, we
also conducted a post hoc power analysis on the correlations with a medium effect size
presented in Table 4 and found that the statistical power exceeded 0.8, even for the small
samples in this study. In instances where a small correlation coefficient is observed, if the
absolute value does not surpass 0.25, the statistical power remains below 0.8. Nonetheless,
despite the significance and sufficient statistical power yielded by these results, limitations
persist regarding the demonstration of consistent internal validity and the establishment
of a clear causal relationship. Therefore, additional studies are imperative to thoroughly
investigate both internal and external validities, as well as precise causality, involving a
larger participant pool. At that time, it will be crucial to examine the various dynamic and
static balance metrics in relation to diverse participant characteristics, such as age, gender,
and personality traits, within an expanded group of older adults encompassing a range of
influencing factors.

5. Conclusions

In the present study, we investigated the effects of vibratory stimulation training on
standing balance using a new vibratory sensation test device. The participants were all
elderly individuals aged 65 years or older, who were divided into two training groups
and a control group for comparison and analysis. Trunk or sole region vibratory sensation
training was carried out for 10 weeks. Balance was measured as dynamic balance, while
vibratory sensation was evaluated as the rate of correct responses. Overall, the trunk and
the sole training group showed an improvement in the correct response rate over time, as
well as an improvement in dynamic balance performance. A significant relationship was
found between vibratory sensation and dynamic balance performance, both of which are
linked to the causes of falls. The results of a series of analyses indicated that the intervention
in this study led to improvements in the correct response rate for vibrations and balance
performance. These improvements, combined with the effects of the intervention itself, led
to improvements in dynamic balance performance, indicating that they could be used as
interventions to reduce falls in older adults. To validate and expand upon our findings,
future work should examine the superiority of the effects of trunk and sole training on
standing balance and the effects of long-term sensory training for 12-14 weeks or more on
standing balance using a larger sample size.
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Abstract: Background/Objectives: Ataxia is quite common in pediatric neuromotor dis-
orders and has a highly heterogeneous etiology. Mobility difficulties and functional lim-
itations reflect the lack of coordination in this population. The aim of this study is to
assess the effectiveness of an intensive program of Functional Partial Body Weight Support
Treadmill Training (FPBWSTT) on the mobility and functionality of children with ataxia.
Methods: Through a stratified randomized control trial, a sample of 18 children with
progressive and non-progressive ataxia and GMFCS II-1V (mean age: 14 years; standard
deviation: 2.5) was assessed prior to the intervention, post-intervention, and 2 months after
its end. Motor and functional skills were assessed with the Gross Motor Function Measure
(GMEMV, items D-E), the Pediatric Balance Scale (PBS), a 10 m walk test (10 MWT), a
6 min walk test (6 MWT), the Scale for Assessment and Rating Ataxia (SARA), the
TimedUp and Go (TUG) test, spatiotemporal gait parameters, and kinetic and kinematic
variables of the pelvis and lower limb. Results: Statistically significant interactions and
changes in favor of the FPBWSTT were found in all functional assessments and spa-
tiotemporal gait parameters (p < 0.05), the majority of which were maintained for two
months. There was no statistical interaction or change in kinematic parameters (p > 0.05),
while kinetic variables were insufficiently collected and were not statistically analyzed.
Conclusions: The FPBWSTT is more effective on the mobility and functionality of chil-
dren with ataxia who are 8-18 years old, compared to typical physiotherapy. Kinematic
variables may not be sensitive indicators of change over a short period of time and/or in
this population.

Keywords: functional; treadmill training; partial body weight support; children; ataxia

1. Introduction

Ataxia in childhood is a clinical manifestation of neuromotor disorders, the occurrence
of which is estimated at about 26/100,000 children in Europe and probably reflects a
minimum prevalence worldwide [1]. In many countries, including Greece, official data on
the prevalence of ataxia in the pediatric population are lacking, while both assessment and
intervention strategies seem to have been poorly studied worldwide [2].
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The pathogenesis of childhood ataxia is characterized by great heterogeneity, with pro-
gressive and non-progressive cerebellar ataxia being its two main types [3]. The causes of this
movement disorder can be acquired, such as cerebellar tumors; congenital, such as cerebral
palsy; or genetic, such as Friedrich’s ataxia [3]. European data show that the highest incidence
of ataxia in children is overall ataxia of genetic origin (14.61/100,000 births), while ataxia as a
result of CP is the most studied in Europe and the most frequent among non-progressive
disorders (10.65/100,000 births) [1]. In accordance with European data, a recent Greek
cross-cultural adaptation [4] of the Scale for Assessment and Rating Ataxia (SARA) [5]
found a rate of 54.4% for ataxic cerebral palsy and a rate of 62.5% for Friedrich ataxia in the
non-progressive and progressive ataxia categories, respectively.

The symptoms of a taxi are ferto a set of difficulties that manifest in each type and
etiology of ataxia, with varying degrees of severity and limitations in daily activities [6].
Lack of balance and coordination are the primary difficulties, evident in the quality and
quantity of daily activities where children interact. Ataxic gait, dysmetria, dysdiadochoki-
nesia, tremor, nystagmus, and dysarthria are some of the key clinical features underlying
the symptomatology of cerebellar ataxia, regardless of its etiology [7-9]. According to
Hartley et al. [2], investigating the assessment and treatment of children with various types
of ataxia, it appeared that over forty different outcome measures were used in the twenty
studies included in their systematic review. The majority of these studies focused on bal-
ance, gait, and gross motor function, identifying gait performance as a basic physiotherapy
goal. The few data existing from children with ataxia report reduced cadence, step, and
stride length; increased step width; variability in gait measures; and abnormalities in motor
and kinematic characteristics [10-13]. These factors may serve as sensitive indicators of
the progression of ataxia but also indicate the “instability” of ataxic gait pattern within the
heterogeneous population investigated [10-13]. However, it seems that changes in gait
performance and parameters in the pediatric population with ataxia after physiotherapy
interventions have been poorly studied, mainly within short-term frames [2].

Treadmill interventions with and without partial body weight support are suggested
as a means of faster gait acquisition, gross motor and gait parameters’ improvement in
pediatric populations with various neuromotor disorders. However, the application of
different protocols in different neuromotor populations, coupled with the small sample
sizes, fail to demonstrate a clear and effective guideline [2,14-17]. An important factor
of the therapeutic effectiveness is the dosage of training, which varies according to the
intensity (e.g., treadmill speed, incline) or duration [17], prompting the need to standardize
and test protocols appropriately designed for specific pediatric populations. The strategy
of increasing speed during gait training has been well documented with positive results,
but speed alternations, as suggested by Bjornson et al. [18], for children with CP, are so
far a rather “challenging” approach, worthy of investigation, especially in ataxia. The
cerebellum, the main dysfunctional structure resulting in ataxia, has a regulatory role in
gait speed control, and its activation during such challenging gait training [19] may be
a promising therapeutic intervention. Another suggested therapeutic strategy recorded
in adults with neuromotor deficits [20,21] and pediatric populations [22,23] seems to be
dual-task training, which defines a functional and demanding approach, especially when
combined with gait, capable of promoting neuroplasticity [24].

Through this study, we aim to investigate the effects of integrating speed-alternation
treadmill training with dual-task functional activities on improving gait performance and
gross motor function in children with ataxia. We anticipate that this study will provide
further clinical, practical, and research insights, as well as a better understanding for future
therapeutic purposes.
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2. Materials and Methods

A stratified, randomized, controlled trial of 4-week Functional Partial Body Weight
Support Treadmill Training (FPBWSTT), with a 2-month follow-up period, was applied to
children with ataxia (progressive and non-progressive), aged 8-18 years and Gross Motor
Function Classification System (GMFCS) II-IV. The clinical trial was registered to ISRCTN
(ISRCTN54463720), following ethical approval from the University of West Attica (study
protocol: 14n/26 April 2021) and ‘ATTIKON’ General University Hospital of Athens (study
protocol: I' ITAIA, EBA 149 /20 March 2020). Participant recruitment started in June 2021
and was finally completed in the middle of December 2022, with the last data collected in
the end of March 2023.

The protocol of this study with all methodological information was applied as
was published in March 2022 [25]. The consort checklist is further provided as a
Supplementary Materials.

2.1. Group Allocation

Inclusion and exclusion criteria for participant recruitment was administered as orig-
inally planned in the study protocol [25]. Participants were randomly allocated to the
intervention group (FPBWSTT group) or control group, using a stratification method,
based on the type of ataxia disorder. Two strata were used to stratify the sample: progres-
sive and non-progressive ataxia type [26]. An independent researcher from data collection
was responsible for creating the allocation process, which was kept hidden from the rest
of the research team. Children from both groups continued to receive their typical ther-
apy (physiotherapy and any other therapies they received, such as occupational therapy,
speech therapy, etc.). The FBPWSTT group additionally followed the 4-week intervention
program (FPBWSTT).

2.2. Intervention and Settings

The FPBWSTT was designed based on the implementation of a treadmill gait protocol
with speed change intervals [18] combined with dual-task functional activities, according to
applications in different population groups [20,21,27-29]. The implementation of functional
motor activities in children with neuromotor disorders, as well as their progressivity, has
been shown to be a potentially effective therapeutic strategy [30,31]. These activities were
implemented in a cyclical rotation, as described in detail in the study protocol [25]. This
approach creates a satisfactory repetition of challenges, during gait, to enhance perfor-
mance [32]. The 4-week physiotherapy intervention has been studied both in children
with cerebral palsy [18] and in children with ataxia [12], and this period seems to be a
duration with beneficial therapeutic effects. A partial body weight support of <40% of each
participant was applied through the use of LiteGait. This limit of body weight support has
been suggested by the literature in order to improve gait performance in different types of
gait disorder populations [14,33-35].

Twenty (20) sessions over 4 weeks (5 days/week) constituted the intensive FPBWSTT
program. The session was divided into two phases. Phase 1 consisted of 20 min gait
training on the treadmill, with no handlebars, and speed intervals of 30 s between low
and high speed. Both low and high speeds were individualized and modulated at 75-80%
of each child’s respective ground speeds according to the 10 MWT. The high speed was
progressively increased per session up to 5% of the defined maximum speed achieved from
the previous day (Figure 1). Phase 2 consisted of 15 min functional dual-task training. In
this phase, functional activities were applied during the individualized fixed low-pace
treadmill gait. In each session, 3 of a total of 6 activities were applied in a cyclical rotation,
with each one lasting up to 5 min (Figure 1). In every session, each child’s performance was
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recorded. The physiotherapist encouraged the gradual improvement in motor performance
in each activity with verbal and visual guidance. Participants wore their shoes throughout
the intensive program, along with any insoles they might have used. At the completion
of the two phases, a total of 35 min of gait (20 min with speed intervals and 15 min with
dual-task functional activities) was completed and displayed on the treadmill monitor. The
total time from preparation to completion and release of the child from the LiteGait system
ranged from 45 min to 1 h “with breaks”.

Figure 1. Application of the FPBWSTT. The left image shows gait training with speed intervals (phase
1), and the right image shows the application of the dual-activity of “target demonstration”(phase 2).

The FPBWSTT, as well as the assessment of all participants” spatiotemporal gait
characteristics, was performed using a LiteGait LG 200 P (Mobility Research, Tempe,
AZ, USA) partial body weight support system, accompanied by a Gait Keeper (Gait-
Keeper 522, Mobility Research, Tempe, AZ, USA) electric treadmill system with a low-gait
start speed (0.1 km/h). Two tablets were used for monitoring, recording, and collecting data
from LiteGait.

For the 3D gait analysis, two force plates, specially designed platforms (AMTIs),
placed in the middle section of a 10 m path were used to obtain the kinetic data. For the
kinematic data, 16 self-adhesive reflective markers were appropriately placed at anatomical
points of the pelvis and lower limbs. These data were acquired from 10 Vicon cameras
(6MXT10 and 4 Verov2.2) at 100 Hz and 2 Basler digital video cameras (Pentaxlenses, Basler
IND CCD Pentax TV Lens 8.5 mm 1:15, Tokyo, Japan) at 50 Hz.
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2.3. Typical Therapy

Participants in both groups continued to receive their regular therapeutic program,
consisting of physiotherapy and any other form of therapy the child needed, such as
occupational therapy, speech therapy, etc. Typical physiotherapy (co-counting therapeutic
swimming or equine therapy) did not exceed a total of 3 days per week, as otherwise it
could be considered an intensive physiotherapy program [36,37]. The typical physiotherapy
included 45 min sessions 1-2 times per week with functional exercises aimed at improving
standing and gait skills. These included exercises on the mat to strengthen the trunk
and lower limbs, therapeutic Pilates exercise, standing exercises, maintaining an upright
position with balance boards, transitions to and from the standing position, walking on the
ground and/or on a treadmill, and climbing up and down stairs.

2.4. Measurement Outcomes

Demographic and anthropometric data, including the functional level of each child
through the use of the Gross Motor Function Classification System (GMFCS) and data
obtained by the Child quality of Life Questionnaire for children report were collected once
in the baseline assessment [38,39]. Primary and secondary outcomes were assessed three
times over a period of approximately 3 months. A first baseline assessment was performed
prior to the 4-week intervention period (baseline), a 4-week post-assessment was conducted
by the end of the 4-week intervention period (4-week), and a final 2-month post-assessment
was conducted 2 months by the end of the 4-week intervention period (2 months) (Figure 2).

. FPBWSTT and typical therapy typical therapy
Intervention group
Enrollmet =) Allocation / 4-week period 2-month period =) Data Analysis
Control group 1 typical therapy typical therapy
Assessments: Baseline 4-week 2 months

Figure 2. Flow of the events for the participants of this study.

Primary Outcomes:

e The Gross Motor Function Measure (GMFM-88) dimension D/E (GMFM-D /GMFM-
E), were expressed as percentage scores (%) for the assessment of the motor perfor-
mance and functional ability in standing, walking, running, and jumping [40].

Secondary Outcomes:

e  The Pediatric Balance Scale (PBS), with scores in a range of 0-56 (the higher score
indicates better balance), was used for the assessment of functional balance skills [41].

e  The 10-meter walk test (10 MWT) for the assessment of self-selected slow-(10 MWT-
SLOW) and high-speed (10 MWT-FAST) gaits over ground and determination of
individualized training speeds on the treadmill were expressed as meters/second
(m/s) [18,42,43].

e  The Timed Up and Go (TUG) test for the assessment of dynamic balance control was
expressed in seconds (s) [44].

e The 6-minute walk test (6 MWT) for the assessment of physical condition and en-
durance was expressed in meters (m) [45].
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e  The Scale for Assessment and Rating Ataxia (SARA), applied in the Greek version
(SARAgr), was used for the assessment of ataxia features, with scores in a range of
0—40 (a higher score indicates more severe ataxia) [4].

e  Three-dimensional kinematic and kinetic analysis of lower limbs through motion
and gait analysis was applied, with the electronic recording of kinematics elements
for the pelvis, hip, knee, and foot of both lower limbs in the three planes of motion
(sagittal, frontal, and transverse). Since laterality severity does not occur in ataxia,
each participant’s dominant ankle power absorption and generation, expressed as
Watt/kg, was collected for the kinetic variable. Similarly, the dominant lower limb’s
mean gait deviations index (MGDI) during 1. pelvis movement in all three planes
of motion; 2. hip, knee, and ankle movement in the sagittal plane; and 3. ankle
movement in the transverse plane (foot progression) were collected and expressed as
normally disturbed data, categorized as Normal Standard Deviations (NSDs) through
Gait Deviation Index (GDI) analysis [46]. Data recording and collection were obtained
by the Gait and Motion Analysis Lab of ELEPAP in Athens.

e  Analysis of spatiotemporal gait features was performed through 2 min recordings
on the treadmill with partial body weight support at a personalized slow walking
speed (75% of each participant’s self-selected walking speed based on the 10 MWT
over ground). GaitSens software (version 2.0), incorporated in the LiteGait equipment,
was used for recording and collecting the gait parameters. The dominant lower limb’s
step length, stride length, and width length were expressed in terms of meters (cm),
while step and stride time were expressed in seconds (s).

2.5. Assessment Procedure and Raters

Assessments were conducted according to the suggested guidelines of the outcome
measure creators, following the same conditions, the same equipment across all partici-
pants, and across all time points. All assessments were conducted barefoot, except for the
10 MWT, 6 MWT, and 2 min gait recording on LiteGait, in which participants wore their
shoes, as these were not possible or safe to be assessed barefoot. The procedure to assess the
spatiotemporal gait parameters on the treadmill was performed with minimal partial body
weight support (0-15%) at the individualized low walking speed (75% of the walking speed
chosen by each participant based on 10 MWT on the ground). Equipment placement on
LiteGait was the same as in the intervention procedure. All the assessments besides the 3D
gait analysis took place in the same private pediatric faculty, from the same physiotherapy
team, which was not blind to each child’s allocation group.

For the 3D gait analysis, a total of 16 self-adhesive reflective markers were initially
placed on participants at key anatomical points, according to the standard Plug-in-Gait
biomechanical analysis model (Vicon, Oxford, UK) for the pelvis and lower limbs in order to
collect kinematic data. Participants were instructed to walk on the 10 m path, completing a
total of five barefoot walking trials in sequence, at their self-selected speeds, independently
or with the help of a parent or physiotherapist, according to each child’s GMFCS level.
Upon completion of five left and five right gait cycles, valid motor data were determined
from the force platform, on which each leg of each participant had to be placed and on
which each leg “landed” wholly and individually on the force plate. The recording and
collection of the above kinematic and kinetic data (Figure 3) were performed by the Athens
ELEPAP Gait and Motion Analysis Laboratory by a blind physiotherapy team.
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m’”h =

Figure 3. Gait procedure in a 10 m walking path during the 3D gait analysis in ELEPAP, Athens.

2.6. Statistical Analysis

The proposed sample size estimation could not be verified with the completion of
5 children per group, as was initially scheduled [25], due to the large heterogeneity among
the participants at that time period. Despite the fact that an interim statistical analysis
was not planned in the design of the protocol, in March 2023, with available data from
a total of 18 children with ataxia, calculation of the primary end point of the GMFM-D
was performed. This indicated statistically significant differences, which safely led to the
adjustment of the sample size and therefore the termination of further sample search [47].
The variables were described using the mean and standard deviation or the median and
interquartile range (in cases of violation of normality). The Kolmogorov-Smirnov test
was used to check the normal distribution of the data. A comparison for homogeneity
between the intervention groups in relation to the demographic and clinical indicators was
performed using the independent samples t-test and the Chi-square test.

A two-way mixed ANOVA model was used, considering “intervention” (between
groups) and “time” (within group) as factors for the analysis of the variables, applying the
Bonferroni correction for all pairwise comparisons either between the intervention groups
or between the time assessments.

Sensitivity analysis of the variables concerning the homogeneity of the groups at
baseline (baseline-balance) was performed using two methods:

e The percentage change from baseline at all time points, where we compared the
percentage changes between the intervention groups using the independent samples
t-test or the Mann—-Whitney test if the data did not follow a normal distribution.

e  The absolute change from baseline at all time points, where we compared the absolute
change in the variables (dependent variable) between the intervention groups (factor) and
the baseline assessment (covariate) using the Analysis of Covariance (ANCOVA) model.

All statistical analyses were performed using the SPSS statistical package, version
21.00 (IBM Corporation, Somers, NY, USA). All tests were two-sided. A p-value < 0.05 was
considered statistically significant.
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3. Results

3.1. Participant Characteristics

Thirty-five (35) children with ataxia were assessed according to the eligibility criteria.
A total of 21 children were randomized to either the intervention [Functional Partial Body
Weight Support Treadmill Training (FPBWSTT)] or the control group, as shown in Figure 4.
The data from 18 children were finally collected and statistically analyzed, from which
only 9 children completed the 3D gait analysis in all three assessment periods, due to
time-restricted periods from the 3D gait lab. Those data were processed for statistical
analysis. The two groups were similar at baseline, in all clinical and demographic features,
as well as in their perception of quality-of-life issues, as shown in Table 1.

[ Enrollment ]

Assessed for eligibility (n=35)

Excluded (n= 14)

A 4

¢ Not meeting inclusion criteria (n= 5)
¢ Declined to participate (n=9)

Randomized (n=21)

!

v [ Allocation v
Allocated to intervention, FPBWSTT group (n=10) Allocated only to typical therapy, Control group (n=
Assessments at Paediatric center (n=10)/ 3D gait 11)
analysis (n=6) Assessments at Paediatric center (n=11)/ 3D gait
¢ Received allocated intervention (n=9) analysis (n=5)
+ Did not receive allocated intervention, due to covid + Received typical therapy (n= 11)
illness (n=1)
l [ 4-weeks post ] v
A J
Lost to post intervention at Paediatric center (n= 0) Lost to post intervention at Paediatric center, due to
non willing to continue (n= 1)
Lost to post intervention at 3D gait analysis (n= 0)
Lost to post intervention at 3D gait analysis, due to
incorrect timing schedule (n= 1)
v [ Follow-up l
A J
Lost to post intervention at Paediatric center (n= 0) Lost to post intervention at Paediatric center (n=0)
Lost to post intervention at 3D gait analysis (n= 0) Lost to post intervention at 3D gait analysis, due to
incorrect timing schedule (n= 1)
! Analysis l

Analysed data respectively (n= 8 and n=5)
¢ Excluded from analysis , due to diagnosis of
Hodgkin lymphoma (n= 1)

Analysed data respectively (n= 10 and n=4)
¢ Excluded from analysis (n= 0)

Figure 4. Flow chart of the study according to the Consolidated Standards of Reporting Trials
“CONSORT” guidelines; pediatric center: private faculty for the evaluation of all the assessments;
3D: three-dimensional gait analysis at ELEPAP, Athens.
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Table 1. Comparison of demographic, clinical, and quality-of-life characteristics between groups.

Characteristics FPBWSTT Group Control Group p-Value
Age (years), mean £ SD 14.69 + 2.05 13.45 +2.73 0.304
Sex, male/female 7 (87.5%)/1 (12.5%) 7 (70%) /3 (30%) 0.588
Weight (kg), mean + SD 41.56 £ 8.79 46.55 + 14.53 0.407
Height (cm), mean £ SD 157.38 + 11.17 151.90 + 14.67 0.397
BMI, mean 4+ SD 16.86 + 2.20 19.72 + 3.56 0.058
Type of ataxia, (non-P/P) 7 (87.5%)/1 (12.5%) 9 (90%)/1 (10%) 1.000
GMECS, (II/1I1/1V) 6 (75%)/1 (12.5%) /1 (12.5%) 7 (70%)/2 (20%) /1 (10%) 0.909
Laterality, (right/left) 8 (100%) /0 (0%) 9 (90%)/1 (10%) 1.000
Quality of life Questionnaire

Friends/Family, mean £ SD 7.18 +0.92 6.81 4+ 0.82 0.375
Participation, mean =+ SD 6.06 +2.31 5.65 £1.79 0.675
Communication, mean + SD 6.58 +£1.28 6.00 £ 1.50 0.395
Use of limbs, mean + SD 599 +1.78 6.23 +1.62 0.683
Self-care, median + IR 7.00 = 0.0 7.00 = 0.0 0.537
Equipment, mean £ SD 421 +£1.38 421 +£0.76 1.00
Pain-discomfort, mean =+ SD 298 + 0,77 2.98 +£0.93 0.991
Sense of happiness, median + IR 7.00£1.0 7.00£ 0.5 0.573
Assistance with questionnaire 238 + 1.06 240 + 1.07 0.961

completion, mean £ SD

Abbreviations: SD, standard deviation; IR, interquartile range; BMI, Body Mass Index; non-P, non-progressive;
P, progressive; GMFCS: Gross Motor Function Classification System. Note: Values are presented numeri-
cally, unless otherwise stated. There are no statistically significant differences between the groups at baseline
(p > 0.05).Quality of Life Questionnaire: Scores are based on a Likert scale, from 1 (bad) to 9 (very good), except
for the last question where the options range from 1 (no) to 4 (yes, very). Group Composition: FPBWSTT Group
includes children with cerebral palsy ataxia (1 = 5) [subsequent genetic testing revealed a variant of CACNATA
in 1 case], neuroblastoma (1 = 1; 2 years post-surgical resection], CACNA1A-related ataxia (n = 1; previous CP
diagnosis) and Friedreich Ataxia (n = 1). Control Group comprises children with cerebral palsy ataxia (1 = 4),
neuroblastoma (1 = 1; 3.5 years post-surgical resection), CACNA1A-related ataxia (n = 1), ataxia of unknown
etiology (n = 1), Gillespie syndrome (1 = 1), TBI-related ataxia (n = 1; 6 years post-injury), and Menkes-like ataxia
(n=1).

3.2. Primary Outcomes: Domains D and E of the GMFM-88 (%)

The FPBWSTT group was statistically significant improved in GMFM domains D
(standing) and E (gait) at 4 weeks by a mean of 6.45% (95% CI 3.34-9.57, p < 0.001) for
standing and by a mean of 4.68% (95% CI 1.66-7.70, p = 0.005) for gait, compared to the
control group. These improvements were also maintained at 2 months, by a mean of
5.56% (95% CI 1.46-9.67, p = 0.011) and by a mean of 8.51% (95% CI 2.91-14.11, p = 0.005),
compared to the control group, respectively. Gross motor functionality of standing and gait
changed significantly through time for the FPBWSTT group (p < 0.005), but no significant
changes were found for the control group (p > 0.05). This is reinforced by the significant
interaction of the groups and time for both variables (p = 0.002), as shown in Figure 5.
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Figure 5. Mean values and standard deviation of gross motor function in standing (GMFM-D)
and gait (GMFM-E) of the two groups at baseline, 4 weeks, and 2 months. Asterisks (**) represent
statistically significant values, with p < 0.005.

3.3. Secondary Outcomes

Analyses of the data of secondary outcome measures are presented in Table 2,show-
ing that in most of them, the FPBWSTT group had statistically significant improvement
(p < 0.05) at 4 weeks, compared to the control group. The intervention group maintained
their improvements in the PBS, 6 MWT, and spatiotemporal gait parameters at 2 months,
as shown in Table 2 and Figure 6. There were baseline differences between the groups, both
in stride and step length, with greater values obtained in the control group (Table 3). Inter-
estingly, the slow self-paced 10 MWT did not show statistically significant improvement at
4 weeks (mean: 0.07 m/s, 95% CI —0.04/0.18, p > 0.05) and at 2 months (mean:0.05 m/s,
95% CI —0.05/0.15, p = 0.307), for the FPBWSTT group. This was in stark contrast to the
fast self-selected gait pace at 4 weeks, in which the intervention group showed statistically
significant improvement, by a mean of 0.19 m/s (95% CI 0.00-0.38, p = 0.046).

Table 2. Sensitivity analysis using ANCOVA model (baseline vs. 4-week and 2-month outcomes).

Secondary Outcome giv:fiitnl\cdee?;s% cn p-Value lz)i\flllerl:rl:ct/[f;;/ cy ~ p-Value
PBS 3.73 (1.13-6.33) 0.008 3.85 (—0.14 to 7.71) 0.05
TUG (s) 2.19 (0.7-3.67) 0.007 129 (—0.53 to 3.10) 0.151
10 MWT-SLOW (m/s)  0.07 (0.04-0.18) 0.193 0.05 (0.05-0.15) 0.307
10 MWT-FAST (m/s) 0.19 (0-0.38) 0.046 0.04 (—0.12 to 0.21) 0.620
6 MWT (m) 56.09 (29.22-82.96) <0.005 36.92 (7.34-66.50) 0.018
SARAgr 122 (0.44-2.01) 0.005 1.00 (—0.31 to 2.34) 0.125
Step Length (cm) 8.84 (1.67-16.01) 0.019 5.36 (—3.64 to 14.35) 0.224
Stride Length (cm) 8.29 (—3.98 to 20.57) 0.170 12 (—5.52 to 29.54) 0.165
Step Time (s) 0.38 (0.01-0.74) 0.043 0.45 (0.01-0.90) 0.048
Stride Time (s) 0.45 (0.16-0.75) 0.005 0.77 (0.05-1.49) 0.038
Step Width (cm) 6.74 (4.20-9.29) <0.005 7.41 (4.18-10.64) <0.005

Abbreviations: CI, confidence interval; PBS, Pediatric Balance Scale; TUG, Timed Up and Go; 10 MWT, 10 meter
walk test; 6 MWT, 6 minute walk test; SARAgr, Scale for Assessing and Rating Ataxia (Greek version). Red
highlights the statistically significant p-values.
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Figure 6. Percentage change from baseline to 4 weeks of all variables in which all 18 children were
assessed. All changes are statistically significant (p < 0.05), in favor of the experimental group, except
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for 10 MWT-Slow, which is marginally statistically significant (p = 0.072).

Table 3. Mixed two-way ANOVA for the step length and stride length variables.

Step Length (cm) Stride Length (cm)
Groups Baseline 4-Week 2 Months Baseline 4-Week 2 Months
Mean £ SD Mean £+ SD Mean + SD Mean £+ SD Mean + SD Mean £ SD
FPBWSTT 22.85 £ 7.56 28.19 £ 8.69 * 27.49 £ 8.65 47.72 £12.74 54.79 £ 14.69 58.16 + 18.66
Control 38.01 + 7.04 35.99 +9.63 32.88 + 7.00 72.29 +17.77 68.51 4+ 18.27 64.57 + 16.63
Comparison between groups by time  p < 0.005 p=0.094 p=0.163 p=0.005 p=0.104 p=0.453

Interaction between group and time

F(2.32) = 6.94, p < 0.005

F(2.32) = 6.34, p=0.005

Abbreviations: SD, standard deviation. Asterisk (*) indicates p < 0.05 vs. baseline. Red highlights the statistically
significant p-values.

The percentage change of primary and secondary outcomes after 4 weeks and

2 months of all participants is presented, respectively, in Figures 6 and 7.
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Figure 7. Percentage change from baseline to 2 months of all variables in which all 18 children were
assessed. Most changes were still statistically significant (p < 0.05), in favor of the experimental group,
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Secondary Variables from 3D Gait Analysis

Three-dimensional gait analysis was obtained only in a total of 9 children (FPBWSTT
group n = 5; control group n = 4). Kinetic variables were inadequately collected, due to the
insufficient placing of the entire foot or due to the coexistence of both feet on the platform
during gait.

The values of the kinematic variable of the pelvis in the sagittal plane were highly
heterogeneous with extreme values. Additionally, given the small sample size, the statistical
analysis of this variable was excluded, as no valid result could be attributed [48]. The
kinematic variables that were analyzed were the ones obtained from 1.pelvis movement in
the frontal and transverse planes of motion; 2. hip, knee and ankle movement in the sagittal
plane; and 3. ankle movement in the transverse plane (foot progression). Those findings
indicated no statistically significant differences between the groups and no statistically
significant changes for either of the groups, as shown in Table 4.

Table 4. Sensitivity analysis of kinematic variables, using ANCOVA model (baseline vs. 4-week and
2-month outcomes).

Kinematic Variables g:’:f?;l;nl\:ee(a%% I p-Value g?f/lf(;?:ﬂct/[ga;/o I p-Value
Pelvis Frontal Plane (NSDs) —0.11 (—0.76 to 0.74) 0.972 0.57 (—0.42 to 1.57) 0.210
Pelvis Transverse Plane (NSDs) —0.08 (—1.45 to 1.29) 0.888 —0.22 (—1.41 t0 0.97) 0.671
Hip Sagittal Plane (NSDs) —0.21 (—0.98 to 0.54) 0.512 —0.54 (—0.45 to 1.53) 0.232
Knee Sagittal Plane (NSDs) —0.42 (—1.68 to 0.85) 0.450 —0.06 (—1.41 to 1.29) 0.919
Ankle Sagittal Plane (NSDs) —0.21 (—0.70 to 0.28) 0.337 0.18 (—0.42 to 0.78) 0.482
Ankle Transverse Plane (NSDs) —0.09 (—01.05 to 0.88) 0.829 —0.42 (—1.69 to 0.86) 0.452

Abbreviations: CI, confidence interval; NSDs, normal standard deviations.

4. Discussion

The results of the clinical study, alongside compliance to the protocol and the absence
of adverse effects, indicate that the FPBWSTT can be a highly effective intensive program
for children8-18 years old with moderate functional severity of ataxia, more than typical
physical therapy. The significant improvements in gross motor function in the areas
of standing and walking were accompanied with similar changes in ataxia symptoms,
functional balance skills, gait speed, dynamic balance control, physical condition and
endurance, and spatiotemporal gait parameters, in favor of the FPBWSTT group. The
majority of these were sustained two months after the end of the intensive program. The
collection and statistical analysis of the kinematic variables of the 3D gait analysis did not
reveal significant differences between groups, and neither significantly changed in any of
the two groups between the different time measurements. The sample that completed the
3D gait analysis was too small (only nine children), which limits the statistical power for
these specific measures and may affect the robustness of the conclusions drawn from these
data. However, these findings may indicate that such measurements may not be sensitive
enough for detecting functional changes in the specific population and/or at such a short
time frame.

Children in both groups had similar clinical and demographic features. Confounding
factors that could affect the outcome, as well as the interpretation of the results, were
taken into account. This was obtained through the admission and exclusion criteria of
the participants, as well as their recruitment, based on stratification of the type of dis-
order. Each group had one participant with progressive type of ataxia and GMFCS 1V,
while the remaining participants belonged to the non-progressive ataxia category, between
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GMECS II-1II. Children who had undergone surgical resection of the posterior fossa tumor
(neuroblastoma), as well as the child with ataxia as a result of traumatic brain injury, all far
exceeded the time frame for spontaneous recovery of balance ability, determined to be up
to one year [49].

According to the results in gross motor function, particularly in standing and walk-
ing after the end of the of the present study, the children who completed the FPBWSTT
significantly improved intensive program, which were maintained at follow-up. At the
same time, statistically significant differences emerged between the two groups in the
changes from the initial measurement, both after the end of the 4-week period and after the
2-month period. The domains of standing (domain D) and walking (domain E) in gross
motor function, according to the GMFM, are the most representative domains of motor
difficulties in children and youth with CP [50,51], as well as in children with ataxia [2,12].

The findings of the present study are even more encouraging than the reference range
of 0.8-5.2% and 2.3-6.5% suggested by Storm et al. [52] as a Minimum Clinically Important
Difference (MCID) for the improvement of GMFM-D in children with cerebral palsy and
TBI, respectively, after one month of robotic gait training. Accordingly, the reference
range of clinically significant difference for GMFM-E varies from 0.3 to 4.9% for children
with CP and 2.8-6.5% for children with TBI. Specifically, in the study there was a total of
182 children, aged 4-18 years with movement disorders as a result of CP and TBI, who
followed 20 sessions of 45 minutes of gait training and typical physical therapy each (total
90 min session) over a 4-week period [52].

In the present study, the change in gross motor function in standing position after the
end of 4 weeks was 6.81% for FPBWSTT group and only 0.35% for the control group, while
the change in gross motor function in gait was 5.30% for FPBWSTT and only 0.62% for
the control group. Those findings are in accordance with the pilot study of Peri et al. [12],
which investigated the effects of a 4-week gait training program in 11 children with ataxia
due to TBI, additionally reinforcing the clinical significance of gross motor function change
in standing and gait domains in such a short time frame. An interesting point found in the
present study and confirmed through the research of Peri et al. [12] is that both programs
focused on gait training produced greater changes in standing gross mobility than in gait.
In other words, what is evident is that even if there are no exercises focused on static and
dynamic standing skills, gait training contributes significantly to the enhancement of gross
motor function in standing.

The exact same trend in change, similar to GMFM-D, was found for the PBS, with
a clinically significant change, based on the proposed reference range after a 6-month
period for children up to 6.5 years old with CP [53]. The same study showed a strong
correlation between the total score of GMFM-66 and PBS. Based on our findings, GMFM-D
and PBS share common characteristics with a trend change consistent with basic principles
of neuroplasticity [33], as practicing a motor activity promotes a type of transfer to the
acquisition and improvement of similar activities to the one being trained. It appears that
gait training, as a functional activity, and the way in which speed alternations and dual-task
functional activities were combined, were able to promote simultaneous or subsequent
changes, through a network of neural circuits for other functional activities, in addition
to those of gait. Motor training alone is capable of activating angiogenic mechanisms in
the motor cortex and cerebellum and promoting the growth and survival of neurons in
many brain regions [54,55]. The activity of gait involves activation of somatosensory and
motor areas of the whole body, and the application of FPBWSTT through both speed and
dual-task challenges appears to be sufficiently able to promote the appropriate synaptic
connections and form a fertile environment to support structural brain changes related to
standing functional activities.
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A statistically and clinically significant difference was also found for gross mo-
tor function in gait (GMFM-E), with an interesting, continuous improvement observed
2 months after the end of the FPBWSTT. This finding could be due to a possible increase
in the relevant daily activities of the children who completed the FPBWSTT as a “habit”
formed as a result of the intensive gait program. As supported by theories and research on
motor learning, neuroplasticity is an ongoing process, rather than a single event [54].The
consolidation of a motor behavior involves time and repetition that often depend on the
time period after the end of the motor training [54], which could explain the continuous
increase in GMFM-E, 2 months after the end of the training. Unfortunately, this remains an
assumption, based on theoretical knowledge that can not be directly correlated with other
studies, which investigated short-term and post intervention results or the total GMFM
score of all domains [2].

The change in ataxic symptoms was only significant just after the end of the 4-week
program for the FPBWSTT group, without reaching the minimum clinically important
difference reported in adult studies [56,57] and in the pediatric population [12,58]. It is
possible that further clinical reduction in the SARA score can be achieved by a more targeted
therapeutic approach on functional activities, related to the ataxic signs and increased time
practice, as the cerebellum, the main responsible structure causing ataxia, requires sufficient
temporal processing [55].

Improvements in dynamic balance control following various applications of ther-
apeutic protocols have been reported in children with ataxia with reference to fall risk
reduction and functional mobility skill improvement [2]. However, the heterogeneity of
study protocols in the measurement of TUG and the need for chronological age correlation
with a standard reference value [59] restrict the clinical interpretation of TUG’s change
seen in the present study. Nevertheless, the improvement and significant change found for
the FPBWSTT compared to the control group at 4 weeks indicates developing functional
independence in children [60]. This is reinforced by the improvements in the self-selected
pace and the significant change in10 MWT-fast, which further points out the ability of
adjusting and regulating gait speed—an extremely difficult task for people with cerebellum
deficits [19]. Besides the above, the increase in gait speed found for the FPBWSTT is even
more apparent in the way that 6 MWT changed. Even though 6 MWT measures physical
condition and endurance, it has been widely used informally for walking speed calculation
in children with CP [61], while a strong correlation with 10 MWT has been supported in
adults with neurological deficits [62]. Based on the increased 46, 25 m by the end of the
FPBWSTT, a study similar in population, duration, and type of intervention [12] identified
an improvement of 48 m, post 4-week gait training. These findings may verify an important
reference range for the functional improvements of children with ataxia, after 4-week,
20-sessiongait training.

Children who underwent the FPBWSTT significantly reduced their step width at
all time periods, showing statistically significant changes, compared to children who
underwent a standard program. Despite the fact that the children of the FPBWSTT group
had significantly shorter stride and stride lengths compared to the control group at baseline,
there was a statistically significant increase in their stride and step length after 4 weeks, in
contrast to children of the control group who even demonstrated a decline in those gait
variables. However, from the absolute changes, only that of the step length at 4 weeks
was statistically significantly improved. The increase in stride length continued further,
even 2 months after the end of FBPWSTT, while step length showed a slight decrease. This
may be due to an increased variability of steps with non-symmetrical bilateral steps at the
given time point. In a systematic review by Buckley et al. [10], regarding gait characteristics
in adults with ataxia, increased variability of stride length, but not of step length, was
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reported at low speeds compared to higher speeds. Given the above, this finding could be
due to the difficulty of adapting gait to a walking speed lower than what has now been
achieved, as the speed of evaluation of all spatiotemporal characteristics in all three time
periods was the same (75-80% of low self-selected baseline ground speed).

The overall spatiotemporal gait changes are of particular importance, as they highlight
an adapting ability and the possibility of adopting a new gait strategy within the same
gait speed. Increased step and stride time characterize ataxic gait, compared to typical
values of adults and children [10,12]. According to the present findings, what theoretically
appears as worsening actually reveals adaptation of a gait pattern in order to maintain the
same pace. It seems that temporal gait variables act as a compensatory index to maintain
walking pace when spatial parameters (step and stride length) are increased as a result of
the FPBWSTT program. This adaptation skill is a well-established indicator of improved
motor functionality [63].

4.1. Kinematic Changes

According to current data, joint mobility in children with ataxia has been assessed
in relation to the maximum trajectory range achieved during gait, expressed in degrees,
compared to a healthy population [12,13] and immediately after gait training [12]. The
assessment of the maximum range of motion at a joint and whether this is close to standard
reference values is not necessarily an indication of improvement, as it is unknown whether
this range of motion is utilized at the appropriate time during gait. The use of the MGDI
seems to reflect the deviation between the pathological and typical gait, as it is calculated
in such way as to estimate and compare the absolute value of each momentary deviation
with the corresponding value of normal data [64]. To our knowledge, the present study is
the first in this population to assess changes in mean joint mobility deviations throughout
the gait cycle, as derived from standard gait analysis values, relative to a control group and
in the long term.

During 3D gait analysis of the nine children, there was an inability to collect kinetic
variables due to incorrect and insufficient placement of the foot on the force-recording
platform. Additionally, there was great heterogeneity with extreme values in the kinematic
variables of the pelvis in the sagittal plane, an observation confirmed in adults with
ataxia [65,66]. The instability of the trunk and pelvis in all directions of movement and
especially in the sagittal plane, seems to be particularly pronounced in adults with ataxia,
perhaps due to an effort to maintain an energy-efficient gait [65,66]. In a similar study
by Peri et al. [12], changes in pelvic kinematics, measured by maximal range of motion
after 4-week gait training showed greater values in deviation from the normal reference
ones and increased standard deviation, following a different course of change, than the
otherwise functional improvements of the participants. It seems that pelvis kinematics’
deterioration or even variability may be part of an effort for trunk stability in a newly
adopted gait strategy.

All other kinematic variables did not show a specific change trend in any of the two
groups, which differs from the findings reported by Peri et al. [12]. The latter argue that
changes in knee and ankle mobility, close to standard values, may be indicators of the
effectiveness of a therapeutic program. The pilot study of Peri et al. [12] applied 20 sessions
of typical physiotherapy alongside with the 20 sessions of gait training, which aimed
to improve balance skills and correct the movement pattern. On the other hand, in the
present study, neither the typical physiotherapy nor FPBWSTT, specifically focused on
“correction” or facilitation techniques, aimed to improve joint mobility. Changes in some
kinematic variables could be expected over a longer time period, perhaps as an indication
of a “consolidated” gait, without clarifying whether these changes will align with the
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reference standard values. What needs further clarification is whether these variables are
associated with functional improvements in this population and whether physiotherapy
should aim for “correction” of those.

4.2. Limitations

From the study design, a limitation is the lack of blind data collection by the assessors
of the outcome measures, conducted at the private pediatric center, as they were also
FPBWSTT therapists. The only blind assessors were the ones from the 3D gait analysis.
This can be appropriately anticipated in future research, and the risk of bias arising can be
therefore reduced.

The 2-month follow-up may not fully capture the long-term impact of the intervention,
so future studies should involve a longer follow-up period to better evaluate the treatment
effects over time.

5. Conclusions

In conclusion, our study provides robust evidence that FPBWSTT is a feasible and
effective intervention for improving mobility and functionality in children with ataxia.
Specifically, children in the FPBWSTT group exhibited a statistically significant improve-
ment in gross motor function, with a 6.45% increase in standing performance (GMFM-D,
p <0.001) and a 4.68% increase in gait performance (GMFM-E, p = 0.005) after the 4-week
intervention. These improvements were maintained at the 2-month follow-up, as demon-
strated by significant differences between the intervention and control groups (p < 0.05). In
addition, significant enhancements in dynamic balance and endurance, as measured by
the Pediatric Balance Scale and the 6-Minute Walk Test, further support the efficacy of the
FPBWSTT program and its maintained benefits over a period of 2 months. Interestingly,
significant changes in some gait parameters indicate the adapting ability and the possibility
of adopting a new gait strategy with the completion of the FPBWSTT. Although the kine-
matic variables did not show significant changes—Tlikely due to a limited sample size—the
observed functional improvements are both statistically and clinically meaningful. These
results underscore the real-world applicability of FPBWSTT in pediatric rehabilitation set-
tings, suggesting that this intervention can substantially enhance daily functional activities
and overall quality of life for children with moderate ataxia.
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Abstract: Background: Gait and balance alterations in post-stroke patients are one of the
most disabling symptoms that can persist in chronic stages of the disease. In this context,
rehabilitation has the fundamental role of promoting functional recovery, mitigating gait
and balance deficits, and preventing falling risk. Robotic end-effector devices, like the G-EO
system (e.g., G-EO system, Reha Technology, Olten, Switzerland), can be a useful device
to promote gait recovery in patients with chronic stroke. Materials and Methods: Twelve
chronic stroke patients were enrolled and evaluated at baseline (T0) and at post-treatment
(T1). These patients received forty sessions of robotic gait training (RGT) with the G-EO
system (experimental group, EG), for eight weeks consecutively, in addition to standard
rehabilitation therapy. The data of these subjects were compared with those coming from a
sample of twelve individuals (control group, CG) matched for clinical and demographic
features who underwent the same amount of conventional gait training (CGT), in addition
to standard rehabilitation therapy. Results: All patients completed the trial, and none
reported any side effects either during or following the training. The EG showed significant
improvements in balance (p = 0.012) and gait (p = 0.004) functions measured with the
Tinetti Scale (TS) after RGT. Both groups (EG and CG) showed significant improvement in
functional independence (FIM, p < 0.001). The Fugl-Meyer Assessment—Lower Extremity
(FMA-LE) showed significant improvements in motor function (p = 0.001, p = 0.031) and
passive range of motion (p = 0.031) in EG. In EG, gait and balance improvements were
influenced by session, age, gender, time since injury (TSI), cadence, and velocity (p < 0.05),
while CG showed fewer significant effects, mainly for age, TSI, and session. EG showed
significantly greater improvements than CG in balance (p = 0.003) and gait (p = 0.05) based
on the TS. Conclusions: RGT with end-effectors, like the G-EO system, can be a valuable
complementary treatment in neurorehabilitation, even for chronic stroke patients. Our
findings suggest that RGT may improve gait, balance, and lower limb motor functions,
enhancing motor control and coordination.

Keywords: robotic gait training; neurorehabilitation; gait and balance; end-effector; lower
limb; chronic stroke

1. Introduction

Gait and balance alterations in post-stroke patients are some of the most disabling
symptoms that can persist in the chronic stages of the disease [1-3]. Generally, post-stroke
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patients can manifest abnormal gait patterns characterized by temporal and spatial asym-
metry between steps [4]. This asymmetry during gait could result in postural instability
and a lack of coordination to both self-induced and external balance perturbations [5].
According to some authors [2,3], stroke-related gait deficits, leading to fall risk, comprise
reduced propulsion at push-off, decreased hip and knee flexion during the swing phase,
and reduced stability during the stance phase. All these gait features can represent the
cause of falling in this patient population, leading to further medical complications. It is
noteworthy that post-stroke patients represent a heterogeneous group due to variations in
the location and extent of brain damage. As a result, they may exhibit diverse step length
patterns in both the paretic and non-paretic limbs. These variations are often linked to
compensatory adjustments involving the pelvis and the unaffected side of the body [6].

In this context, physiotherapy is fundamental to promoting functional recovery, mit-
igating gait and balance deficits, and preventing fall risk [7,8]. Both conventional re-
habilitation approaches and innovative technologies have proved their effectiveness in
post-stroke patients [7,8]. However, limited evidence exists in the context of chronic stroke
patients [9,10], in which it is commonly thought that neuroplastic processes and the subse-
quent functional recovery are already exhausted.

Among the innovative approaches, robotic rehabilitation devices play a crucial role,
enabling intensive, repetitive, and task-oriented training to stimulate neuroplastic processes,
even in chronic stages [10,11]. Robotic devices are generally categorized into two main types
based on their biomechanical interaction with patients: exoskeletons and end-effectors [8].

End-effectors, such as the G-EO system (Reha Technology, Olten, Switzerland), are
equipped with a single distal control, providing a propulsive motion of the legs thanks to
two footplates that replicate the motion of stance and swing phases during gait training [12].
This design contrasts with exoskeletons, wearable powered orthoses that guide joint move-
ments more proximally (e.g., Ekso-GT, Indego, or Lokomat) [12,13]. While exoskeletons,
especially the Lokomat, have demonstrated effectiveness in promoting functional recovery
and brain connectivity changes in chronic post-stroke patients [10], evidence supporting
the efficacy of end-effector devices, particularly the G-EO system, remains limited [14] in
this population. Most available studies have focused on acute and subacute stages [15-17],
leaving a gap in the literature regarding their use in chronic stroke.

Given this background, this study aims to evaluate the effects of robotic end-effector
gait rehabilitation training (RGT) in patients with chronic stroke and compare the functional
outcomes with a matched control group receiving conventional gait training (CGT). To
achieve this, we clinically assessed both rehabilitation approaches at baseline and post-
treatment. A linear mixed effects (LME) model was employed to analyze the influence of
demographic, clinical, and rehabilitation variables on the outcomes in both groups.

2. Materials and Methods

Twelve chronic post-stroke patients, attending the Robotic and Behavioral Neuroreha-
bilitation Unit of the IRCCS Centro Neurolesi “Bonino-Pulejo” between January 2021 and
August 2021, were evaluated for inclusion in this study.

Inclusion criteria were (i) hemiplegia/hemiparesis due to a first-ever stroke; (ii) at
least one year after stroke; (iii) supervision-dependent ambulation (Functional Ambula-
tion Classification—FAC > 3); (iv) patients aged between 18 and 75 years. Patients were
excluded if they presented the following criteria: (i) age > 75 years; (ii) diagnosis of concur-
rent psychiatric conditions or other significant medical comorbidities that could interfere
with the RGT; (iii) presence of deficits (e.g., cognitive, visual, or auditory) that could limit
the comprehension and/or execution of the proposed exercise; (iv) comorbidities that
prevented upright posture and walking (e.g., hypotension); (v) refused consent or were
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unable to provide informed consent; (vi) recent bone fractures. In addition, we excluded
patients if they had contraindications to the use of the technological instrumentation, such
as a weight > 150 kg and open lesions or bandages in contact with the harness.

The enrolled patients were evaluated at baseline (T0) and after the experimental
training (T1), consisting of forty sessions of RGT (experimental group—EG) for eight
consecutive weeks.

The data of these subjects were compared with those coming from a sample of 12 indi-
viduals (control group, CG) matched for clinical and demographic features who underwent
the same amount of CGT with no robotic assistance, in addition to standard rehabilitation
therapy.

All experiments were conducted according to the ethical policies and procedures
approved by the local ethics committee (IRCCSME-45/2020 approved on 14/12/2020). All
participants gave their written informed consent.

The clinical-demographic characteristics of both groups are summarized in Table 1.

Table 1. Demographic and clinical characteristics of both groups (experimental —RGT and control—
conventional rehabilitation training).

Characteristic All EG CG p -Value Test

Patients 24 (100%) 12 (50%) 12 (50%)
Age 51.13 £ 13.72 47 £ 12.54 55.25 +14.12 0.14 t-test
Education (years) 12.92 +2.96 12.92 £ 2.64 12.92 £3.37 0.82 8)
Sex

Male 16 (66.67%) 8 (66.67%) 8 (66.67%) 1 Fisher

Female 8 (33.33%) 4 (33.33%) 4 (33.33%) 1 Fisher
Time since injury (years) 225 £1.62 233 £1.78 217 £1.53 1 U
Etiology

Ischemic 13 (54.17%) 7 (58.33%) 6 (50%) 0.68 X2

Hemorrhagic 11 (45.83%) 5 (41.67%) 6 (50%) 0.68 x2
Most affected side

Left 11 (45.83%) 5 (41.67%) 6 (50%) 0.68 X2

Right 13 (54.17%) 7 (58.33%) 6 (50%) 0.68 X2

Legend: Fisher (Fisher’s exact test); x> (chi-squared test); U (Mann-Whitney U test).

2.1. Procedures

All the included patients were submitted for the same amount of training. However,
they diverged in the type of rehabilitation approaches. The EG (n. 12) underwent RGT
with the G-EO system, while the CG (n. 12) received CGT. Both groups followed the same
rehabilitation protocol (as per the total amount of training), consisting of five sessions per
week over eight weeks (by our established clinical research and standard care protocols).
Each session included approximately one hour of gait training, followed by 45 min of
conventional physiotherapy. Importantly, while the duration and structure of the sessions
were identical, the type of gait training differed between groups: the EG used the G-EO
system, whereas the CG received conventional overground gait training. In addition to
gait training, both groups also received conventional physiotherapy, including stretching
exercises, passive and active-assisted limb mobilization, and therapeutic exercises aimed at
improving range of motion and overall muscle strength, lasting approximately 45 min per
session (see Table 2 for more details).
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Table 2. Summary of the characteristics linked to RGT and CGT protocols.

Rehabilitation Intervention
Elements

CGT

RGT

Setting

Conventional physiotherapy gym

G-EO system robotic device

Duration of gait training 1h 1h
10’ postural alignment with the aid of
the physiotherapist 10’ postural alignment with G-EO

Gait training

20’ gait training exercises: walking
over obstacles of different sizes,
tandem and slalom walking
10" weight-shifting, core muscle
strengthening, monopodal and

system
30 gait training on the G-EO system,
focusing on proper weight
distribution between the two legs
10" ascending and descending stairs

Ascending and descending stairs

bipodal balance exercises, with G-EO
10" ascending and descending stairs 10" cool down and return to sitting
10’ cool down and return to sitting position
position
Y
Yes e

With the supervision and manual
guidance of the physiotherapist

With the supervision of the
physiotherapist and the guidance
provided by the robotic device

Guidance

Manual guidance provided by the
physiotherapist

BWS and robotic guidance—when
needed, the physiotherapist provided
supervision and/or hands-on
support to the paretic knee of the
patients

Audio-visual Feedback

Verbal feedback provided by the

Visual feedback provided by the
monitor of the G-EO system and

Fatigue management

physiotherapist verbal feedback provided by the
physiotherapist, as needed
Yes Yes

Visible signs of fatigue (e.g., changes
in gait quality or shortness of breath)

Visible signs of fatigue (e.g., changes
in gait quality or shortness of breath)

Rehabilitati No ves
ehabilitation parameters Step cadence and velocity
Yes Yes

Conventional physiotherapy

45’ of stretching exercises, passive
and active-assisted limb mobilization,
and therapeutic exercises

45’ of stretching exercises, passive
and active-assisted limb mobilization,
and therapeutic exercises

All patients underwent a clinical visit and neurological evaluation at TO and T1.

However, only the patients who underwent RGT were also evaluated with the Fugl-Meyer—

Lower Extremity assessment to understand the effects of robotics on body segmental

outcomes, as well as specific parameters coming from the device.

2.2. Outcome Measures

Motor and functional clinical assessment scales/tests were administered by a skilled
physiotherapist (ALF) at TO and T1, and the subsequent analyses were performed by a
biomedical engineer (PDP). In particular, the physiotherapist, who was blinded to the
training allocation of the patient, administered a complete motor battery, including (i)

the 10 Meters Walking Test (I0OMWT) [18] to assess walking speed in meters per second

over a short distance; (ii) the Tinetti Scale (TS) [19], made up of 16 items, with 7 items

assessing gait (with scores ranging from 0 to 12) and 9 items evaluating balance (with
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scores ranging from 0 to 16); (iii) the Modified Ashworth Scale (MAS) [20] was used to
assess spasticity in lower limbs (hip, knee, and ankle), and it ranges from 0 (no increase
in muscle tone) to 4 (rigid limb movement). Intermediate scores indicate varying degrees
of increased muscle tone, from slight resistance (1, 1+) to marked stiffness (2, 3); (iv) the
Functional Independence Measure (FIM) [21] was utilized to assess overall functioning
across 18 items divided into six subscales—self-care, sphincter control, transfer, locomotion,
communication, and social cognition ability. A higher score indicates less disability for
basic daily functions.

After the allocation assignment, EG patients were also evaluated with the Fugl-Meyer—
Lower Extremity (FMA-LE) assessment [22], which assesses reflexes and motor functioning
at the hip, knee, and ankle (part E ranging from 0 to 28), coordination (part F ranging from
0 to 6), sensory functioning (part H ranging from 0 to 12), joint range of motion (part JI
ranging from 0 to 20), and joint pain (part JII ranging from 0 to 20). In addition, specific
rehabilitation parameters, regarding RGT, were extracted from the G-EO system, such as
mean values of step cadence (steps/min) and walking speed (m/s).

2.3. G-EO System

The G-EO system [23] is an advanced robotic end-effector designed specifically for
lower limb rehabilitation. This innovative device is equipped with footplates, or pedals,
that guide the movement of the lower limbs along fully programmable trajectories. These
footplates are designed to facilitate a range of natural motion patterns, moving from the
bottom to the top in a manner that closely mimics real-life walking. The system allows
for precise adjustment of key parameters, including step length (from 0 to 55 cm), step
height (up to 400 mm), footplate angles (up to 90 degrees), movement velocity (up to
2.3 km/h), and acceleration peaks (up to 10 m/s?). These customizable settings enable
tailored rehabilitation programs that meet individual patient needs.

Unlike traditional systems that rely on the hips and knees for leg movement, the
G-EO system focuses on ankle actuation, which is critical for simulating accurate walking
mechanics. The patient’s feet are securely fastened to the footplates using straps, ensuring
proper alignment and safety during therapy sessions. This setup enables the device to
replicate forward and backward walking motions, as well as stair-climbing activities,
including both ascending and descending movements.

To enhance patient safety and support, the system features handrails on both sides,
providing stability during therapy. Additionally, it incorporates a Body Weight Support
(BWS) system, which reduces the load on the patient’s lower limbs and allows for controlled
weight-bearing exercises. This combination of features makes the G-EO system a highly
versatile and effective tool for gait rehabilitation, offering a comprehensive approach to
improving mobility and function in patients with lower limb impairments. The gait training
session can be monitored through two displays providing visual feedback for therapists and
patients. Moreover, this robotic device allows clinicians to supervise therapy progress over
time through a detailed report, in which mean values of step length and cadence, walking
speed, number of steps, and stairs are reported. In this way, therapists and clinicians
can personalize each gait training session according to patients’ parameters. During the
rehabilitation sessions conducted on the G-EO system, patients began walking at an initial
comfortable pace. This velocity was incrementally increased by 0.1 m/s based on the motor
capacity and the state of fatigability of the patients. Once this threshold was achieved,
the main phase of the session began. This progressive approach was implemented daily,
with adjustments made based on the patient’s performance and safety. Additionally, the
therapists were allowed to modify step length parameters to tailor the RGT session to each
patient. The primary goal was to increase gait parameters such as step length and velocity
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within safe and effective ranges. If a patient demonstrated the ability to sustain these
parameters, those parameters were retained for the session. If not, the training proceeded
at the previously established parameters from the prior session. The intensity of the
training was individualized to prevent overexertion, with patients being closely monitored
by clinicians. In instances of noticeable fatigue, the walking speed was decreased to a
more comfortable pace, ensuring the patient could continue training effectively without
risking overfatigue or injury. In general, all the RGT sessions were supervised by the
physiotherapist, providing support to the paretic knee of the patient as needed.

Initially, BWS was set at 80% discharge for both floor walking and stair climbing,
gradually decreasing by 10% each week until reaching 10% or the highest tolerated BWS;
however, individual adjustments were implemented as needed based on patient tolerance
and fatigue to ensure a safe and effective progression. Refer to Figure 1 for a visual
representation.

Figure 1. Post-stroke patient performing gait training on the G-EO system. The figure shows a patient
performing an RGT session on the G-EO system. The monitor in front of the patient, as well as the
second monitor of the therapist, provides visual real-time feedback on the patient’s performance,
including footplate pressure feedback, active therapy duration, repetitions, and distance covered.

2.4. Conventional Gait Training

Conventional gait training (CGT) sessions lasted one hour, followed by 45 min of
conventional physiotherapy, in line with the protocol used for the EG (see Table 2).

In particular, the CGT included various exercises such as weight-shifting, core muscle
strengthening, monopodal and bipodal balance exercises, and gait training involving
obstacles, tandem, and slalom walking.

Like the EG, the intensity of training in the CG was individually tailored to prevent
fatigue, with close monitoring of patients. Additionally, throughout all sessions, post-stroke
patients received manual guidance and supervision from physiotherapists to minimize the
risk of falls.
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2.5. Statistical Analysis

The sample participants” sociodemographic and clinical parameters were analyzed,
and differences between the experimental and control groups were assessed. Descriptive
statistics were expressed as mean =+ standard deviation for continuous variables and as
frequencies (percentages) for categorical variables. Age, years of education, and years since
injury were treated as continuous variables, while gender, etiology, and most affected side
were analyzed as categorical variables. Normality for continuous variables was tested
using the Shapiro-Wilk test (MATLAB R2022a, Natick, MA, USA, function swtest). Because
the age distribution in both groups was normal, a parametric t-test (MATLAB function ttest)
was used to evaluate group differences for age. In contrast, due to non-normal distributions
of years of education and years since injury, group differences for these variables were
assessed with the Mann-Whitney U test (MATLAB function ranksum). For the categorical
variables, contingency tables were constructed; Fisher’s exact test (MATLAB function
fishertest) was applied when expected frequencies were low, whereas a chi-squared test
(MATLAB function chi2cdf) was used otherwise.

Clinical data collected before and after treatment were compared within both groups.
First, normality was evaluated using the Shapiro-Wilk test, and because not all distri-
butions were normal, non-parametric methods were employed. Within-group changes
were assessed with the Wilcoxon signed-rank test on paired pre-treatment (T0) and post-
treatment (T1) data. To evaluate differences in treatment effects between groups, we
computed the change (delta) for each subject (post-treatment value minus pre-treatment
value) and compared these delta values between the experimental and control groups
using the Mann-Whitney U test (i.e., a rank-sum test on the pre—post differences). Baseline
equivalence was further confirmed by comparing the TO values of the experimental group
with those of the control group using the same non-parametric approach.

The dependency of clinical evaluations on demographic factors and patients’ clinical
status was tested using linear mixed effects models (LMEs) [24] via MATLAB's fitlme
function. Separate models were constructed for the experimental and control groups, with
participants included as a random effect to account for inter-individual variability. The age
(A), gender (G), time since injury (I), and session (S) were treated as fixed effect factors.
The experimental factors G and S were treated with categorical (dummy) variables, as they
could take categorical outcomes: G = 0 for male, G =1 for female, S = 0 for TO, S = 1 for
T1. RGT parameters, which were selected by the therapist as step cadence (C) and velocity
(V) during therapy, were included in the EG model based on their established relevance
as indicators of gait function and rehabilitation outcomes after stroke [25-27]. Moreover,
the interactions between sessions and each variable were evaluated. The normality of the
residuals, which supports the model choice, was verified using a Lilliefors test applied to
the residuals.

Y = g(uy+agA+ BoG+ vol +60S +600SA +10SG + x0SI +€) (1)

Y = g(ug+agA+ BoG + 7ol +00S + 5oC + 1oV + 00SA + 9SG + 19SI 4 AgSC + oSV +€)

Equations. In Equations (1) and (2), ug represents the individual intercept and accounts
for interindividual differences. The coefficients g, Bo, Yo, ®0, Co, Mo, €0, Lo, Ko, Ao, and g
represent fixed effects; thus, the modulation of the response variable by the main factors A,
G, L S, C,V, and their interactions, ¢, is the error-term.

In both Equations (1) and (2), g represents the identity link function. Control data were
fitted using Equation (1), while experimental data were fitted with Equation (2), which
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considers rehabilitation training input parameters. In both cases, model parameters were
estimated using maximum likelihood.

The significance of each fixed-effect term in the models was tested using the Wald
Test [24], which evaluates the contribution of each fixed effect based on its coefficients
and associated covariance structure. Given the number of clinical outcome measures
and fixed effects analyzed, the risk of inflated type I errors due to multiple comparisons
was addressed by applying a False Discovery Rate (FDR) correction using the Benjamini—
Hochberg procedure [28].

The FDR correction was applied to the p-values obtained from the Wald tests at the
term level, separately within each outcome-specific model. This correction method was
applied independently for each clinical outcome, reflecting the independent testing of
distinct functional domains.

Both uncorrected and FDR-corrected p-values are provided in the Supplementary
Materials (Tables S1 and S2). Statistical significance was based on FDR-corrected p-values;
effects not surviving correction but with p-values close to the threshold were interpreted
cautiously as indicative of trends.

3. Results

At the baseline, there were no significant differences in the demographic and clinical
features between the groups, as shown in Table 1. All patients completed the trial, and
none reported any side effects during or after the training.

We found that the TS evaluating balance and gait was significantly improved after
(T1) the RGT in the EG (p = 0.012, p = 0.004). Regarding the 10MWT, we found a statistically
significant improvement in the CG (p = 0.014), while the EG showed an increased score,
without achieving statistical significance. Moreover, we found that independence in daily
activities (FIM) in both groups (p < 0.001), as shown in Table 3.

Table 3. Statistical comparisons (p-values) between T0 and T1 for each group and between EG and
CG at TO and T1 (EG vs. CT).

Scale/Test EG CG EG vs. CG EG vs. CG
T0-T1 T0-T1 TO-TO A (T1-T0)
10MWT 0.069 0.014 0.295 0.255
Tinetti-Balance 0.012 0.277 0.6 0.003
Tinetti-Gait 0.004 0.25 0.06 0.05
MAS 0.078 0.453 0.17 0.342
FIM <0.001 <0.001 0.977 0.183

Legend: 10WMT (10 m Walking Test), MAS (Modified Ashworth Scale), FIM (Functional Independence Measure);
A (T1-TO0): difference of “after treatment-before treatment”. Significant p-values are reported in bold.

On the other hand, the FMA scores also improved, especially in the motor function
(items E-F) (E, p = 0.001, E, p = 0.031, E-F, p = 0.001) and in the passive range of motion (JI,
p = 0.031), as shown in Figure 2.

At the baseline, there were no significant differences in the clinical scales/tests scores
between the two groups, as shown in Table 3. Regarding the statistical comparison between
the two groups, we found statistically significant differences between EG and CG only in
the TS for balance and gait (p = 0.003; p = 0.05), as shown in Table 3.

In particular, the EG showed a greater improvement in the TS for both balance and
gait, compared to the CG, as shown in Figure 3.

149



J. Funct. Morphol. Kinesiol. 2025, 10, 161

28 } —
[ _ 12}
21t -
- [ 9
= I [ l
= 14 . T :
— 3 : E -
— - 6
! . L :
! : E= i
' i . 3t :
Ot s :
0 _ .
6} —_
a5} _ N
L -
s 1o :
L ' - I
— ' S
— 10}
15} : LL
: =
0 - - St
Ot
1 O
34t — [
' 15t
= - -
255}
> B | -
L : =
w17 - 5|
7 ' |
= 85] , ol . .
: TO T
ot - M
T0 T1 ([OT0 w71

Figure 2. Fugl-Meyer Assessment—Lower extremity (FMA-LE) scores evaluated before and after
RGT in the EG. The figure shows boxplots for each item of FMA-LE comparing before (TO—light
blue) and after (T1—dark blue) RGT. Item E = lower extremity; Item F = coordination/speed; Item
total E-F = motor function; Item H = sensation; Item JI = passive joint motion; Item JII = joint pain.
The outliers are plotted using the + marker symbol.

The analysis, conducted using an LME model and evaluated via the Wald Test, was
performed to detect treatment-associated changes while simultaneously assessing the influ-
ence of various factors (age, gender, TSI, and session) on clinical outcomes. Additionally,
for the experimental group, treatment-specific parameters, such as velocity and cadence,
which were adjusted by the therapist session by session, were integrated into the model.
This comprehensive approach enabled us to identify the parameters that most significantly
influenced the success of the intervention, thereby providing valuable insights into the
determinants of treatment efficacy. In this study, we have reported only the statistically
significant effects detected by the model.
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Figure 3. Tinetti Scale (TS) evaluating balance and gait functions. The left panel shows the TS balance
boxplot comparing before (T0) and after (T1) RGT (green) and CGT (orange). The right panel shows
the TS gait boxplot comparing before (T0) and after (T1) RGT (green) and CGT (orange). The outliers
are plotted using the + marker symbol.

In the TS evaluating balance in the EG (R? = 0.98), significant effects were found for
velocity (p = 0.049), gender X session (p = 0.049), TSI x session (p = 0.016), cadence x ses-
sion (p = 0.016), and velocity x session (p = 0.016). Also, for the TS evaluating gait in the
EG (R? = 0.98), significant effects were detected for session (p < 0.001), velocity (p < 0.001),
gender x session (p < 0.001), and velocity x session (p < 0.001). In the control group
(R% =0.83), significant interactions were found for age x session (p = 0.019) and TSI x ses-
sion (p = 0.024). For the MAS Scale in the EG (R? = 0.97), significant effects were observed
for gender (p = 0.020), while a trend toward a significant effect of TSI (p = 0.074) was
observed. Regarding the FIM Scale in the EG (R? = 0.98), we found that significant effects
were observed for gender (p = 0.001), TSI (p < 0.001), cadence (p < 0.001), velocity (p =0.024),
age X session (p = 0.024), gender x session (p < 0.001), and cadence X session (p < 0.001).
On the other hand, in the CG (R? = 0.96), we found only the following significant effects:
session (p = 0.023), TSI (p = 0.023), while a trend toward a significant effect of the interaction
gender x session (p = 0.065) was observed. For FMA Item H in the EG (R? = 1), significant
effects were detected for TSI (p = 0.019), velocity (p < 0.001), age x session (p < 0.001), and
TSI x session (p < 0.001). For Item JI in the experimental group (R? = 0.97), significant
effects were found for session (p < 0.001), TSI (p = 0.013), age x session (p < 0.001), gen-
der x session (p < 0.001), TSI x session (p = 0.012), and a trend toward a significant effect of
the interaction velocity x session (p = 0.079) was observed. For Item JII in the experimental
group (R? = 0.93), significant effects were observed for TSI (p < 0.001), cadence (p = 0.017),
and TSI X session (p < 0.001).

Although the effect on the I0OMWT evaluation in the EG (R? = 0.99) did not reach
statistical significance after FDR correction, a trend toward significance was observed for
the following interactions: gender x session (p = 0.073), TSI x session (p = 0.089), and
cadence x session (p = 0.073).

4. Discussion

In this case-control study, we aimed to investigate the effects of rehabilitation with the
G-EO system, a robotic end-effector, on lower limb function in chronic post-stroke patients,
compared to a CG that received CGT. At baseline, no significant differences were observed
between groups in demographic and clinical characteristics. However, following the inter-
vention, the EG demonstrated significant improvements in balance and gait performance
(TS evaluating gait and balance, see Figure 3), as well as significant differences compared to
the CG. These results may indicate that RGT enhanced postural control and dynamic stabil-
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ity, likely due to its ability to provide task-specific and repetitive movement patterns, which
might facilitate neuromuscular adaptation (as demonstrated by previous studies [29,30]).
In line with our findings, Kim et al. [31] found that RGT with an end-effector, combined
with conventional physiotherapy, was associated with an improvement in balance scores, in
comparison with CGT alone. According to the literature [2,5,32,33], lower limb alterations
(e.g., muscle stiffness, spasticity, sensory loss) in post-stroke patients can be associated with
a reduced efficiency in gait and balance, leading to an increased risk of falls in this patient
population. In this context, neurorehabilitation strategies aim to achieve better neuromus-
cular control of lower limbs to promote a higher level of independence [34]. Innovative
technologies, like robotic devices, have the advantage of carrying out personalized and
task-oriented training that can motivate the patients, leading to longer therapy sessions [8].
Specifically, end-effector robotic devices are stationary devices with a distal movable part
requiring active participation. In particular, the end-effectors are suitable tools that can be
adapted to different shapes and sizes. Our results are likely influenced by the suitability
of end-effector devices for patients who had residual locomotor functions, indicating a
sufficient activation of proximal joints and muscles. It is noteworthy that the G-EO system
provides repetitive, intensive, and task-oriented training that can enhance motor learning
by engaging both efferent motor pathways and afferent sensory pathways throughout
the training process [35]. Repetitive movements guided by the robotic device can play
a crucial role in the re-acquisition of motor functions, promoting muscle memory and
improving motor coordination [35]. It has been demonstrated that repetitive motor tasks
facilitate neuroplasticity and brain reorganization in stroke patients, resulting in enhanced
motor recovery after stroke [36]. In addition, the G-EO system promotes proximal muscle
activity. In this sense, some authors found that proximal lower limb control plays a key
role in improving gait speed and walking performance after stroke [36]. In this regard,
we found that the RGT session with the G-EO system influenced the 1I0MWT scores in
the EG. However, we did not find statistically significant differences between CG and
EG in gait speed, maybe due to the small sample. Moreover, other authors studied the
effects of RGT in chronic stroke patients with Lokomat, an exoskeleton, suggesting that
FMA scores were significantly different in comparison with the conventional rehabilitation
group. However, no significant differences in other clinical scales or tests were found in
both groups. According to our results, RGT with the G-EO system improved FMA-LE
scores, especially lower limb movements (FMA-LE part E), coordination (FMA-LE part F),
and joint passive range of motion (FMA-LE part JI). This aspect could be explained by the
fact that repetitive movements, provided by the robotic device, can serve as a fundamental
element in the acquisition of motor skills [37], improving motor coordination and precision
over time. A key outcome of this study was the improvement in functional independence
(FIM) in both groups. This suggests that while both RGT and conventional therapy con-
tribute to functional recovery, RGT with the G-EO system may offer additional benefits,
allowing for the simulation of real-world experiences, such as ascending and descending
stairs. In this way, by incorporating different stimuli and environmental conditions, therapy
sessions become more dynamic and reflect the challenges encountered in everyday life [38],
explaining our improvements in FIM scores.

The LME analysis showed that RGT treatment parameters (e.g., velocity and cadence)
had significant effects across different assessment scales, indicating that adjustments made
during the intervention have a dynamic impact on motor function recovery. In addition,
as the LME analysis revealed that patients” demographic and clinical characteristics influ-
enced various assessment scales, these findings underscore the importance of adopting a
personalized rehabilitation approach that considers both baseline characteristics and adap-
tive treatment strategies to optimize motor recovery. Moreover, some clinical scales, such
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as FMA, showed significant interactions between sessions and various fixed effects. For
instance, we found a significant session x age interaction (FMA, items H and JI), suggesting
that the magnitude or pattern of motor recovery differs across age groups, with younger
patients potentially exhibiting a more pronounced improvement than older patients.

This aspect is particularly important, as in the acute and subacute phases of stroke,
it appears that there is no significant difference in motor and cognitive recovery between
younger and older patients. Several studies, including the one by Kugler et al. [39], have
demonstrated that age is a poor predictor of functional recovery during these early stages.
However, in the chronic phase of stroke, age seems to play a more substantial role. Yoo
et al. [40] found that functional recovery between 6- and 30-months post-stroke differed
significantly between patients younger than 70 years and those aged 70 years or older.

Moreover, we found a statistically significant effect of velocity and an interaction
between velocity and session on gait and balance outcomes (TS), as well as the effect of the
interaction between cadence and session on balance outcome (TS for balance). According
to Tomida et al. [41], increasing walking speed on a treadmill can significantly increase
cadence in post-stroke patients. Generally, in healthy individuals, increasing gait speed
requires taking longer steps, which necessitates moving the leg forward more quickly [42].
On the other hand, in post-stroke patients, enhancing propulsive force and facilitating a
rapid forward swing of the lower limbs, achieved through an increased push-off moment
via ankle plantar flexion during the late stance phase, augmented pull-off via hip flexion in
the initial swing phase, and greater angular velocity, are key factors in improving walking
speed [41].

Walking with end-effectors allows high degrees of freedom motions, which may
provide a more realistic gait [43]. This aspect could have increased the passive range of
motion scores in FMA-LE (FMA item ]I), suggesting that the G-EO promoted an effective
recovery instead of relying solely on behavioral compensation mechanisms. Furthermore,
the significant effects and potential trends identified in passive range of motion (FMA item
JI) and joint pain (FMA item JII) highlight the complex interplay between intrinsic patient
characteristics and the optimization of tailored treatment parameters.

Unlike conventional rehabilitation training, the RGT with the G-EO offers visual
feedback for patients and therapists. In this way, patients could have exploited the visual
cues on the screen to increase their motivation during the training session. According
to Nascimento et al. [44], walking training accompanied by cues for cadence can be an
effective rehabilitation strategy to positively affect cadence, speed, and step length. On
the other hand, the I0MWT showed a significant improvement in the CG, while the EG
exhibited an increased score without reaching statistical significance. This finding suggests
that CGT may still be more effective for certain aspects of mobility.

Similar findings were reported by Goffredo et al. [45], where the I0MWT did not show
significant improvement in the RGT group treated either with an end-effector or with an
exoskeleton, while the CGT group achieved statistical significance in this test. Likewise, in
the study by Aprile et al. [14], the IOMWT did not yield any significant differences between
T0 and T1 in either the RGT or CGT groups.

However, in our study, the LME analysis revealed a potential trend of the following
interactions: age X session, gender x session, TSI X session, and cadence X session
in the EG, related to the 10MWT, indicating that considering both demographic and
clinical patients characteristics as well as RGT training parameters can positively affect the
outcomes over time.

Among the interactions identified in the 1I0MWT evaluation for the EG, the ca-
dence X session is particularly noteworthy. This finding potentially indicates that changes
in cadence throughout the treatment could be significantly associated with improvements in
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walking performance [44]. Given that cadence represents the rhythm and pace of steps [46],
a critical element of effective gait, the significant interaction suggests that adjustments made
to cadence during each session contributed meaningfully to overall performance gains [47].
Specifically, the dynamic modulation of cadence, which was tailored by the therapist on a
session-by-session basis, appears to have played a crucial role in enhancing neuromuscular
coordination and gait efficiency. As the treatment progressed, the evolving relationship
between cadence and session highlighted its potential as both a therapeutic target and a
sensitive indicator of treatment responsiveness. In essence, these results underscore the
importance of personalized adjustments in cadence to optimize rehabilitation outcomes,
suggesting that fine-tuning this parameter could be key to achieving more effective gait
training in patients undergoing robotic-assisted interventions [48,49].

Regarding muscle tone and motor control, both the EG and CG exhibited lower MAS
scores post-treatment compared to baseline, indicating a reduction in spasticity. However,
while the overall improvement in MAS scores was not statistically significant in the CG, the
EG demonstrated statistically significant effects of gender and a trend toward a significant
effect of TSI

These findings suggest that, although both interventions led to a decrease in muscle
tone, RGT may have a more pronounced impact on reducing spasticity in certain subgroups
of patients [15]. In particular, the effect of gender and TSI can modulate the response of
the MAS to robotic-assisted therapy, underscoring the potential for a more patient-specific
rehabilitation approach.

According to a previous study in the multiple sclerosis population [35], the RGT with
the G-EO system showed that MAS scores were significantly improved compared to the
CGT. It has been suggested that RGT, by stimulating neuroplastic processes, may help
regulate corticospinal excitability mechanisms involved in spasticity [8,35]. Spasticity is
characterized by an increase in velocity-dependent tonic stretch reflexes, often associated
with exaggerated tendon jerks [50]. From this perspective, the repetitive movements
performed at a tolerated speed, according to the patients’ needs, during RGT could mitigate
spasticity by engaging spinal locomotor centers and influencing corticospinal pathway
activity.

Our study has some limitations that should be acknowledged. First, the main lim-
itation is related to the lack of randomization. Randomized trials (RCTs) allow for an
unbiased assessment of treatment effects and ensure that, on average, treatment groups are
balanced across all covariates. Secondly, the small sample prevents us from generalizing
our findings. In this context, future larger sample RCTs on RGT in chronic post-stroke
patients should be designed to minimize selection bias. Increasing the sample size would
enhance the statistical power to confirm the positive trend of our study. Furthermore, we
employed a demographic matching approach in our case-control design, which offers more
limited control over potential confounding factors. Unlike simple demographic matching,
propensity score matching accounts for multiple covariates simultaneously to achieve a
more comprehensive balance between groups. In our study, the two groups were mostly
balanced, although the TS gait at baseline was close to reaching statistical significance.
Therefore, future studies should aim for greater homogeneity between groups to improve
comparability and reduce potential confounding effects.

Future research should incorporate quantitative gait analysis methods, such as motion
capture systems, force plates, and electromyography, to provide deeper insights into
the effects and underlying mechanisms of motor recovery during RGT in chronic stroke
patients. It is also important to implement clinical and quantitative evaluations not only
in the short term but also in the long term through appropriate follow-up assessments.
Lastly, we cannot exclude the possibility that the RGT group experienced a psychological
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placebo effect as compared to the non-robotic group, potentially influencing the results.
However, unlike pharmacological or neuromodulation studies, where sham treatments can
be implemented to control placebo effects, rehabilitation research faces inherent limitations:
patients are fully aware of the type of intervention they receive, making it difficult to
eliminate such biases.

Our study was intended to be preliminary evidence focusing on the feasibility and
potential effectiveness of RGT with an end-effector in post-stroke patients compared to
conventional gait training to provide basic information on determining the appropriateness
of candidates that could benefit from this kind of treatment.

5. Conclusions

In conclusion, our results suggest that RGT with end-effectors, such as the G-EO sys-
tem, may serve as an adjunctive and complementary treatment in neurorehabilitation, even
for patients with chronic stroke, where recovery is typically considered to have plateaued.
According to our findings, the G-EO system improved gait and balance functions com-
pared to CGT. Furthermore, RGT promoted improvements in lower limb motor functions,
indicating enhanced motor control and coordination, which are both key factors in fall
prevention.
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p-values and significance for each clinical outcome. The table reports the results of linear mixed effects
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from Wald tests at the term level and their corresponding false discovery rate (FDR)-corrected values
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correction, ns denotes non-significant effects.
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Abbreviations

The following abbreviations are used in this manuscript:

10MWT 10 Meters Walking Test

BWS Body Weight Support

CG Control Group

CGT Conventional Gait Training

EG Experimental Group

FAC Functional Ambulation Classification
FDR False Discovery Rate

FIM Functional Independence Measure
FMA-LE Fugl-Meyer Assessment—Lower Extremity
LME Linear Mixed Effects

MAS Modified Ashworth Scale

RGT Robotic Gait Training

TO Baseline Timepoint

T1 Post-Treatment Timepoint

TS Tinetti Scale

TSI Time Since Injury
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Abstract

Background: This study examines balance, flexibility and self-esteem among healthy
individuals who engage in surfing compared to those who do not surf. Methods: A cross-
sectional study design was conducted with 124 participants divided into the following
groups: Group 1: Surfers n = 42; Group 2: individuals performing over 3 h of physical
activity per week n = 43; and Group 3: individuals performing fewer than 3 h of physical
activity per week n = 39. To assess balance, the Star Excursion Balance Test (SEBT) and
the Flamenco Test (FBT) were used, the sit-and-reach test (SRT) was used to measure
hamstring extensibility, the Rosenberg Scale was used to measure self-esteem, and the
International Physical Activity Questionnaire (IPAQ) was used to measure physical activity
levels. Results: Regarding descriptive characteristics, G1 participants were significant
older than those of G2 and G3 (p < 0.05 and p < 0.001, respectively). Moreover, there was
a higher proportion of females in G3 than in G1 and G2 (p < 0.05). The results revealed
significant differences in balance between the surfers and those engaging in fewer than 3 h
of activity per week (p < 0.05). G1 obtained significantly higher results in SEBT-left leg than
G2 and G3 (p < 0.001) and higher result in SEBT-right leg and FBT than G3 (p < 0.05) but no
significant differences in self-esteem were found. Significant differences in flexibility were
observed between males and females (p < 0.001). Conclusions: This result suggests that
surfing could have a positive effect on balance.

Keywords: aquatic sports; stability; flexibility; extensibility; self-esteem

1. Introduction

Surfing is an aquatic sliding sport that demands muscular strength, balance, and
flexibility, enabling the surfer to stay on the board and make the necessary adjustments
according to the manoeuvres being performed and the behaviour of the wave [1].

As an outdoor sport, it not only benefits physical health but also mental health,
promoting concentration, coordination, and stress reduction [2]. Exercising outdoors is
associated with improvements in mental health [3], and the complex aquatic environment
requires the development of postural control strategies involving visual, vestibular, and
proprioceptive systems [4].
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These capacities are essential for adapting the body to the anterior—posterior and
lateral demands generated when manoeuvring on a surfboard in an unstable, slippery
environment [1,4,5].

Postural control is an essential component of performing daily living activities. It
relies on the central nervous system’s ability to integrate sensory inputs—including visual,
vestibular, and somatosensory information—to generate a coordinated motor response [6].

This process involves complex biomechanical strategies and neuromuscular adapta-
tions that stabilize body segments against gravity and maintain stability during upright
stance. The vestibular system, in particular, provides information on the body’s orienta-
tion relative to the environment, influencing athletic performance and safety during both
training and competition. It plays a key role in both static and dynamic balance [5,7].

Building on this, recent studies in healthy subjects have begun to assess how sport
practice, in particular, repetitive balance training of competitive athletes for long peri-
ods, helps develop the plasticity of postural function by improving the proprioceptive,
improving balance control [8].

Sports requiring constant balance also improve postural control, which is a limiting
factor in performance, since no technical sports movement whether at an amateur or
professional level can be efficiently executed without effective postural balance control [9].

Surfing additionally involves the dynamic nature of waves, requiring continuous
adjustment, and demands prior experience and situational awareness for adequate balance
strategies [1,4,5].

Moreover, the psychological benefits of physical activity suggest that sports such as
surfing can positively influence self-esteem and overall wellbeing in children and adoles-
cents [10-12]. In the context of rehabilitation, incorporating activities that concurrently
provide both physical and psychological benefits may optimise treatment outcomes by
fostering a more enjoyable exercise environment in natural settings, thereby reducing stress
and improving self-perception [10-13].

Surfing may also play a pivotal role in preventing musculoskeletal injuries due to
the physical demands of the sport, including significant strengthening of the core and
stabilising muscles. These adaptations, combined with the inherent balance challenge
in surfing encompassing both static and dynamic balance, may be beneficial for patients
recovering from physical or psychological injuries [14,15].

The benefits of surfing are not limited to the physical realm; the marine environment
in which it is practiced also contributes to improved mood and reduced anxiety levels,
as confirmed by recent research into water sports [16-18]. Aquatic-based rehabilitation
techniques have also been shown to improve both static and dynamic balance in adults [19].

This study aims to evaluate and compare the levels of balance among individuals
who practise surfing and people with varying levels of physical activity. It also seeks to
determine whether there is a direct relationship between sports practice and self-esteem,
thereby assessing the potential role of surfing as a therapeutic tool in clinical contexts.

2. Materials and Methods
2.1. Participants

In this cross-sectional study, 138 healthy white individuals aged 18 to 55 were re-
cruited. A total of 13 participants were excluded for not meeting the inclusion/exclusion
criteria, resulting in a final total of 124 participants. Exclusion criteria for the total sample
included the following: having any balance disorder, not fitting the established age range
(2 participants), experiencing lower-limb musculoskeletal injuries in the past two years
(3 participants), suffering from any major visual or auditory impairment (such as blindness,
vertigo, or deafness), having an oncological or neurological illness, or taking medication
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that could affect balance (3 participants). Pregnancy was also an exclusion criterion, along
with failing to complete the requested questionnaires fully (5 participants).

All participants were instructed not to perform any physical exercise within 24 h prior
to the assessments to eliminate any potential influence on the results. They were informed
of the study protocol and the associated risks/benefits, and they signed informed consent
forms. They also retained the right to withdraw from the study at any time, although none
chose to do so. All procedures were approved by an Institutional Ethics Review Committee,
Ref. UCAGM 3/23 (University of Cadiz, Spain) in accordance with current national and
international laws and regulations for human subjects (Declaration of Helsinki, Fortaleza,
Brazil, 2013). All data were recorded anonymously and handled in strict compliance
with Spanish data protection laws (Law 41/2002 of 14 November and Law 15/1999 of
13 December).

The participants were divided into three groups: Group 1 (G1): 42 surfers (31 men,
11 women; mean age = 29.7 + 8.8 years; surfing experience = 11.05 & 10.12 years). Inclu-
sion/exclusion criteria for G1 required at least two years of surfing experience and at least
3 h of physical activity included surfing; the participants were permitted to practise other
sports. Individuals with visual and/or auditory impairments (myopia or hypoacusis) were
included in all the groups as long as those conditions were well managed.

Group 2 (G2): 43 individuals performing more than 3 h of weekly physical activity
(28 men, 15 women; mean age = 25.0 £+ 8.42 years). Inclusion criterion: practising a
minimum of 3 h of physical activity per week, excluding surfing.

Group 3 (G3): 39 individuals performing fewer than 3 h of weekly physical activity
(18 men, 21 women; mean age = 23.3 £ 5.6 years). Inclusion/exclusion criteria for G3
required that participants practise 3 or fewer hours of physical activity per week and not
engage in surfing.

2.2. Measures

All measurements were taken in April 2024. Each participant attended one assessment
session. They were contacted through emails sent to surf centres and schools, and via
posters placed in universities, university schools, surf clubs, and various sports facili-
ties. These emails provided detailed information about the tests and questionnaires. All
instruments employed in this study have scientific validation.

Body Mass Index (BMI): Height and body mass were measured while the participants
were barefoot, wearing shorts and a t-shirt. Height was measured to the nearest 0.1 cm
using a stadiometer (Holtain Ltd., Crymych, Pembrokeshire, UK), and body mass was
measured to the nearest 0.1 kg using a Seca scale (SECA 861, Leicester, UK). Instruments
were calibrated for accuracy. BMI was calculated as body mass (kg) divided by stature
squared (m?).

Star Excursion Balance Test (SEBT): This test is widely used to assess dynamic stability
and proprioception, having been validated for various populations with high reliabil-
ity [20-23]. Eight metric lines were placed on the floor, arranged like a star with 45° angles
between them, each line ranging from 200 to 250 cm in length. Two calibrated lines were
first placed in vertical and horizontal orientations (forming a symmetrical cross), followed
by two diagonal lines in the shape of an “X”, all intersecting at the same central point. Each
arm was labelled according to the direction in which the leg should move. Before starting
the test, the length of both lower limbs was measured from the highest point of the anterior
superior iliac spine to the centre of the fibular malleolus (Figure 1).

During the test, the participants stood at the intersection point of all lines on one leg
(single-leg stance), keeping the supporting foot oriented towards the anterior direction of
the star (1-A). The supporting foot remained in full contact with the floor without shifting
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or lifting the heel. With the other foot, the participants reached as far as possible, touching
the floor lightly with the tip of the big toe in each of the eight directions, returning to the
starting point before moving on to the next direction. When the tested foot was the left
foot, the sequence began in the anterior direction and proceeded clockwise; with the right
foot, it progressed anticlockwise. The farthest point reached was recorded, and this test
was performed twice per leg, with a 2 min rest between trials.

Left-leg stance Right-leg stance
1A I-A
$AL
AL ; LAM ZAM_.
Mo—f—— W W ———— 7
."\\ ' \
. CAPM AP :
L
59 sp Bl

Figure 1. Note: 1-A. Anterior, 2-Am. Anteromedial, 3-M. Medial, 4-PM, Posteromedial, 5-P Posterior,
6-PL. Posterolateral, 7-L. Lateral, 8-AL. Anterolateral.

To determine the final score, the mean of all measurement results was divided by
8 times the total leg length and then multiplied by 100 to obtain a percentage. Two
quantitative variables thus emerged: the result for the left leg (SEBT left) and the result for
the right leg (SEBT right)
Mean of total reach distance

EBT = 1
5 (Total leg length x 8) x 100

ref. [24] (Plisky et al., 2006).

Flamenco Test: This simple, reliable test assesses static balance and is used in both
clinical and sports contexts [25]. The starting position involved placing one foot on the
floor and the other on a 4 x 2 x 45 cm metallic board, secured at both ends by wooden
supports, elevating it 8.5 cm above the floor. On a given signal, the participants adopted a
single-leg stance on the board, bending the free leg and holding it with the hand on the
same side. The stopwatch began running when the participant was balanced on the board
and was stopped whenever they lost balance (with either foot contacting the ground). Each
time balance was lost, the participant resumed the starting position, and timing continued
until a total of 1 min on the board was reached. The number of falls from the board in that
minute was recorded. If the participants fell more than 15 times in the first 30 s, the test
was terminated. The test was performed twice with a 1 min rest between attempts.

Rosenberg Scale: Originally developed to assess self-esteem, this scale has shown util-
ity in evaluating psychological factors and emotional wellbeing [26-28]. Each participant
completed a validated questionnaire (10 items) prior to the balance tests. Of these 10 items,
5 are worded positively and 5 negatively, measuring the individual’s feeling of satisfaction
with themselves.

For items 1 to 5, the responses from A to D were scored 4 to 1, respectively, while for
items 6 to 10, the responses from A to D were scored 1 to 4. The results were interpreted as

162



J. Funct. Morphol. Kinesiol. 2025, 10, 290

follows: 30-40 points indicates high self-esteem, 26-29 indicates average self-esteem, and
below 25 indicates low self-esteem.

Physical activity and sports history: The level of physical activity was measured using
the International Physical Activity Questionnaire (IPAQ, 2011) [29], which, among other
items, queries the frequency and duration (at least 10 min per episode) of physical activity
over the last seven days. The participants were also asked if they were members of any
sports federation or had engaged in regular sports practice in the past two years. This
questionnaire was supplemented with questions about surfing experience and weekly
surfing frequency. Based on the information provided, each participant was classified as
physically active or inactive.

Hamstring flexibility: This component was evaluated using the sit-and-reach test (SRT)
following the established protocol [30]. This test has high validity and reliability [31,32] and
is one of the most commonly used linear methods [33]. In the SRT, initially described by
Wells & Dillon [34], the participants sat on the floor with their legs together and extended,
and their feet flexed at 90° against a measurement box marked with a ruler, Fabrication
Enterprises Inc., White Plains, NY, USA). The participants wore sports clothing (top and
shorts) without shoes. With their palms facing downwards and fingers extended, they
were instructed to reach forward as far as possible, sliding their hands along the ruler,
holding the position for at least two seconds. The SRT score (in cm) was recorded as the
final position reached by the fingertips on the ruler, with higher scores indicating better
performance. The test was performed twice and the higher score was recorded [32-34].

2.3. Procedure

Upon arriving at the assessment area and prior to the balance and flexibility tests,
the participants completed questionnaires on health habits, physical activity (IPAQ), and
self-esteem (Rosenberg Scale). They also signed an informed consent form regarding their
participation and permission to be recorded during the tests. All tests were conducted
indoors under stable climatic conditions, with the ambient temperature between 22° and
24°. Each participant performed a short warm-up consisting of 5-10 min on a stationary
bicycle or jogging.

Additionally, the participants completed a questionnaire on their age, sex, occupation,
sports activities (type and duration), surfing experience, history of trauma or pathologies,
unhealthy habits, medications taken, and any relevant personal history.

2.4. Data Analysis

Descriptive characteristics were reported as mean and standard deviation for quantita-
tive variables and frequencies and percentage for qualitative variables. Data normality was
assessed using the Shapiro-Wilk test for all quantitative variables. One-way ANOVA and
chi-squared tests were conducted to examine differences in the descriptive characteristics
between groups for quantitative and qualitative variables, respectively. ANCOVA was
performed with age and sex as covariates to assess differences between groups in test
results. RSES differences were modelled using a multinomial logistic regression with group
category as the main predictor and age and sex as covariates.

All model assumptions were verified prior to analysis. When significant main effects
were found, post hoc pairwise comparisons were performed using Bonferroni’s correction.
A significance level of « = 0.05 was set for all hypothesis testing. All analyses were
conducted using the R programming language for statistical computing (version 4.2.2).
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3. Results
3.1. Participant Characteristics

A total of 124 healthy male and female aged 18 to 55 took part in this study (77 males).
Participant characteristics in each category were classified as G1 (29.7 & 8.8 years), with
a mean of 11.05 £ 10.12 years of surfing experience; G2 (25.0 £ 8.42 years); and G3
(23.3 & 5.6 years). The G1 participants were significantly older than those of G2 and G3
(p <0.05 and p < 0.001, respectively). Moreover, there was a higher proportion of females
in G3 than in G1 and G2 (p < 0.05).

Table 1 summarises the characteristics for the overall group. The mean (£5D) BMI
values recorded were 24.0 £ 4.5 for the whole group, 24.1 & 3.4 for female, and 23.8 & 3.2
for male.

Table 1. Descriptive characteristics of the sample.

Variables All (n = 124) Gl(n=42) G2(n=43) G3 (n=39)
Age (years) 261482 2974883 250+84b* 233+£56bw
Sex Male 77 (62) 312 282 18 b*
(n (%))  Female 47 (38) 11 15 21
Height (cm) 170.3 £ 11.7 1743 £11.7 169.5 4+ 10.8 170.2 = 11.8
Weight (kg) 69.0 - 8.8 69.8 9.0 66.5 9.8 711 £ 6.8
BMI (kg/m?) 24.0+45 232+43 27.6 £ 4.7 249 +44
Different superscript letters indicate significant differences between groups. BMI = Body Mass Index. * p < 0.05;
*** p < 0.001.

3.2. Balance Tests

For the test variables, G1 obtained significantly higher results in SEBT-left leg than G2
and G3 (p < 0.001) and higher results in SEBT-right leg and FBT than G3 (p < 0.05).

Regarding the Star Excursion Balance Test, the greatest reach distances and highest
averages for each leg were recorded in the surfer group compared to the other two groups.
In the Flamenco Test, higher scores correspond to more falls, which implies poorer per-
formance. The G3 members exhibited the highest number of falls. Table 2 displays the
descriptive results for each group and the different balance tests.

Table 2. Test results by experimental group.

Test Gl (n=42) G2 (n=43) G3 (n=39)
Sit-and-Reach Test (cm) 27 +6.2 37+64 46+5.6
SEBT—left leg 151 +£222 134+ 150 126+ 230
SEBT—right leg 1424192 133+ 1.7 13.0 4 1.8 b+
Flamenco Balance Test (falls) 34+3.1° 84+552 12.4 +5.8b*
High 37 (88) 36 (84) 33 (85)
RSES (n (%)) Moderate 5(12) 7 (16) 4 (10)
Low 0 (0) 0 (0) 2 (5)

SEBT indicates Star Excursion Balance Test; RSES, Rosenberg Self-Esteem Scale. Different superscript letters
indicate significant differences between groups. * p < 0.05; *** p < 0.001.

As regards the SEBT for the left leg, when comparing the three groups, no significant
differences were found between G1 and G2, though differences did exist between G1 and
G3. In comparing all three groups in the Flamenco Test, a significant difference emerged
between surfers and both other groups (p < 0.05). The difference between G2 and G3 was
not significant.

In addition, the relationship between the balance tests and age was examined to
see if older or younger participants performed better or worse. The results showed no
relationship between age and performance in both balance tests.
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3.3. Hamstring Flexibility

G1 obtained the lowest performance in the flexibility test compared to the other groups,
which may be attributed to the lower proportion of women in this group. When analysed
by sex, women significantly outperformed men in the flexibility test (p < 0.001), despite
men reporting higher levels of physical activity (p < 0.05). In the sit-and-reach test (SRT),
women achieved a mean score of 5.3 + 5.1 cm, while men scored 2.1 + 5.3 cm. These
differences may be explained by biological or hormonal factors associated with sex. No
significant positive correlations were found with other measured variables.

3.4. Self-Esteem

With regard to the Rosenberg Self-Esteem Scale, 88.0% of participants in Group 1
exhibited high self-esteem, 10.5% demonstrated average self-esteem, and none presented
with low self-esteem. In G2, 84.2% had high self-esteem, 15.7% had average self-esteem,
and none had low self-esteem. In G3, 84.21% had high self-esteem, 10.5% had average
self-esteem, and 5.2% had low self-esteem. No differences were found across groups, nor
was any association detected between sports practice and self-esteem.

4. Discussion

The present study links the practice of surfing to a significant improvement in both
dynamic and static balance, compared to other populations and different sports disci-
plines. The findings indicate that sports requiring continuous adaptation to unstable
environments strengthen postural control, as is the case in surfing, snowboarding, and ice
hockey [1,4,35-37]. These observations are supported by studies describing the physiologi-
cal demands of surfing, emphasising not only the aerobic and anaerobic capacity required
but also the importance of effective postural control to maintain balance on the board in
constantly changing aquatic conditions [38].

Constant exposure to unstable surfaces promotes proprioception and intermuscular
coordination, encouraging more advanced postural strategies that could be harnessed in
therapeutic contexts. The results demonstrate a significant difference in the SEBT (dynamic
balance) between people who surf and those engaging in fewer than three hours of physical
activity weekly. Notably, within the group performing under three hours of exercise per
week, 12 participants did not perform any physical activity. Meanwhile, all participants in
the surfer group also practised another sport, supporting the idea that better balance in
this group is due to both surfing and regular physical activity. This aligns with a published
study indicating that physical activity improves both static and dynamic balance compared
to inactivity [39].

No significant differences in dynamic balance were found between the group perform-
ing more than three hours of physical activity per week and the group performing fewer
than three hours. This suggests that if practising any sport were the sole contributor to
better balance, one would expect significant differences between these two groups. Hence,
it is likely that the practice of surfing leads to improved dynamic balance.

Research has shown that proprioception, strength, and power are key components
in aquatic sports like surfing, where ongoing exposure to unstable surfaces enhances in-
termuscular coordination and reflex responses [1,4,5,40]. Surfing also exerts a positive
impact on specific populations, with its physical, psychological, and social benefits demon-
strated by extensive intervention programmes [8,9,41]. Additionally, aquatic physiotherapy
research has documented similar improvements albeit in a less challenging setting for
rehabilitation, achieving significant advances in postural control and general mobility of
the treated area [42—44].
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With respect to balance, studies have compared dynamic balance, measured by the
Star Excursion Balance Test, among hockey and football players. For instance, Bhat and
Ali-Moiz [45] found no significant differences between the two groups, suggesting that
better balance may be linked to sports participation in general rather than the specific type
of sport. This was also observed in our study, where the surfing group reported engaging
in another sport as well.

However, focusing on the development of dynamic lower-limb strength, the SEBT
appears to be a solid adjunct for detecting bilateral performance differences, possibly
indicating the efficacy of surfing training in reducing lower-limb asymmetry and improving
postural control [46].

Furthermore, Reed et al. suggested that regular outdoor sports practice may help
alleviate stress [12,47], a benefit that also appears in surfing through its combination of
physical exercise and contact with nature. This highlights the potential of surfing not
just as a recreational pursuit but also as a therapeutic tool. It not only aids balance and
coordination but also provides a relaxing environment that may counteract chronic stress.

Regarding self-esteem, measured by the Rosenberg Scale, most participants scored
in the high range; so, this study did not find a relationship between sports practice and
self-esteem. These findings are consistent with the work of Molina-Garcia et al. [48], who
likewise found no significant differences between physically active and inactive participants
for both sexes. Compared to a study by Monteiro et al., no significant differences in self-
esteem were observed between those who did and did not practise dance [49]. Nevertheless,
surfing could contribute to reducing depressive symptoms, which, in turn, may be related
to improvements in self-esteem [50].

As for hamstring extensibility, our study found that women surfers exhibited greater
flexibility than their male counterparts. These data match other studies using the
SRT [31-33], and this difference could be due to biological or hormonal factors related to
sex. However, we did not observe significant differences with other variables.

Our findings indicate that longitudinal studies are warranted to assess the long-
term benefits of surfing across different populations. Future studies might explore how
to combine surfing with other conventional aquatic therapies to maximise proven ben-
efits [43,44]. Investigations should also delve into the psychological mechanisms that
enhance balance and self-esteem and consider designing personalised interventions for
specific clinical groups.

5. Conclusions

In conclusion, this study confirms that practising surfing and physical activity im-
proves both dynamic and static balance in healthy individuals. However, within the age
ranges studied, no definitive relationship was found between age and balance perfor-
mance. Regarding self-esteem, no differences were detected between surfers and other
participants, though further research is needed to corroborate this finding. Moreover,
the potential therapeutic applications of surfing for populations with balance disorders
were highlighted.

Our results suggest that this approach could offer a solid foundation for future research
and for integrating surfing into innovative rehabilitation protocols. Surfing may serve as a
complementary technique in rehabilitative treatments for patients with balance disorders,
and further studies should explore these benefits in clinical settings.

6. Limitations

This study has several limitations worth noting. Firstly, its observational, cross-
sectional design limits the ability to establish causal relationships between surfing practice
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and improved balance. Longitudinal or experimental designs would provide a clearer pic-
ture of how surfing influences balance and whether this effect persists over time. Secondly,
the participants were recruited from a single geographical region, which may affect the gen-
eralisability of the findings to broader or more diverse populations. Thirdly, self-reported
data on physical activity (e.g., hours of exercise per week) could introduce recall bias or
inaccuracies that affect the reliability of group classification.

Furthermore, the environmental variability in surfing conditions (for example, wave
height, water temperature, or currents), gender differences and the balance of participants
were not standardized, which could influence the magnitude of balance adaptations. Finally,
although the age range was fairly broad (18-55), the sample did not include individuals
with clinically diagnosed balance disorders or other relevant comorbidities, limiting the
application of these results to more specialised or clinical populations. Future research
addressing these limitations, such as by conducting randomised controlled trials, recruiting
more diverse cohorts, and systematically monitoring environmental factors, would help
confirm and extend the conclusions drawn here.

7. Practical Applications

Despite these limitations, the findings offer several practical applications. Firstly,
surfing-based exercise programmes may be considered as an adjunct to traditional balance
training for healthy adults, given the positive effect observed on dynamic and static balance.
Health and fitness professionals could incorporate surf-specific drills or balance-related
manoeuvres (e.g., simulation training on unstable surfaces) into broader exercise regimens
to enhance postural control.

Secondly, sports coaches and athletic trainers can use surf-like training environments
(e.g., surf simulators, balance boards) to diversify their athletes” conditioning routine,
potentially improving proprioception and postural stability.

Thirdly, the data suggest that long-term participation in an activity requiring dynamic
postural adjustments (such as surfing) might confer benefits in daily tasks that involve
balance and coordination, which could be particularly relevant for injury prevention in
other sports.

Finally, although not tested directly in clinical populations, the results hint that surf-
related activities may hold therapeutic potential for individuals undergoing rehabilita-
tion for mild balance disorders. Engaging in enjoyable physical activities could facilitate
greater adherence to rehabilitation protocols and potentially accelerate improvements in
postural control.
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