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1. Introduction

Biomechanics plays a vital role in helping us understand how the human body moves,
especially in the context of sports and physical activity. By applying principles from physics
and engineering, biomechanical analysis allows us to study the forces acting on the body.
This is incredibly valuable not only for enhancing athletic performance but also for health
and physical activity-related analysis. Recent technological advances, including motion
capture systems, force plates, electromyography (EMG), and computational fluid dynam-
ics, have provided us with powerful tools for measuring and modeling movement with
unparalleled precision [1-3]. These technologies have been adopted across various sports,
including running, cycling, and swimming, helping athletes and coaches in enhancing their
performance techniques [2,3]. In addition, the emergence of wearable technology and artifi-
cial intelligence (AI) has further advanced real-time analysis capabilities. Today, athletes
can receive immediate feedback through sensors embedded in their gear, allowing them to
adjust their technique on the spot, which also plays a big part in preventing injuries [1].

Despite significant advances in sports biomechanics, several key gaps remain to be
addressed. One of the major challenges is translating findings from controlled laboratory
environments into real-world sports settings. While many studies have contributed to
our understanding, they do not always reflect the complex, dynamic conditions of actual
performance [4,5]. To overcome these challenges, there is a need for more field-based
research that integrates biomechanical assessments into both training and competitive
environments [5]. Another limitation is the narrow focus on elite athletes. Research often
overlooks recreational athletes, children, older adults, and individuals with disabilities [6].
It is essential to expand our studies to include these groups to develop more inclusive
and broadly applicable training programs [7]. Furthermore, while many biomechanical
interventions show immediate benefits, there is a need for long-term studies that evaluate
how these changes influence injury risk and athletic development over time [1,4].

In practical terms, the applications of biomechanics are vast. By examining joint
angles, muscle activation, and force distribution, biomechanists and healthcare profession-
als can identify inefficiencies in movement and develop personalized training plans [8].
For instance, runners can benefit from gait retraining programs that not only improve
efficiency but also help prevent common overuse injuries. Furthermore, insights from
biomechanics inform rehabilitation processes, ensuring that injured athletes return to sport
safely and effectively [4]. Additionally, this area plays a crucial role in improving sports
equipment design. Whether it is running shoes or adaptive equipment for athletes with
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disabilities, biomechanics ensures that these tools are optimized for comfort and perfor-
mance [2]. Finally, coaches are increasingly leveraging biomechanical data to personalize
exercises and improve techniques, addressing each athlete’s specific strengths and areas
for improvement [9].

Looking ahead, the future of biomechanics lies at the intersection of technology and
interdisciplinary collaboration. Al-powered models are set to enhance how we analyze
human movement, facilitating the delivery of personalized training and immediate feed-
back [2]. We also anticipate the emergence of more portable and user-friendly wearable
sensors, enabling high-quality biomechanical assessments in real-world settings and en-
hancing the applicability of research findings to actual conditions [10].

In addition, exploring how the nervous system interacts with biomechanics may
result in more effective rehabilitation strategies, especially for athletes recovering from
neurological injuries [11]. This approach will help ensure biomechanics contributes to a
more inclusive and forward-thinking sporting environment [12].

The recently published Special Issue, “Biomechanical Analysis in Physical Activity and
Sports”, brings attention to the exciting ways biomechanics shapes the future of sports
and exercise. As new technologies facilitate the study of bodily movements, there is
an increasing need to connect research with real-world applications in sports, fitness,
or athletics. This Special Issue allows researchers, coaches, and sports professionals to
share novel insights, practical solutions, and creative collaborations that enhance athlete
performance, safety, and training effectiveness. It presents a valuable chance to explore the
impact of biomechanics on movement and competitive performance.

2. Biomechanical Analysis in Physical Activity and Sports

This Special Issue on Biomechanical Analysis in Physical Activity and Sports presents
a comprehensive collection of studies that collectively contribute to a more applied under-
standing of human movement in sports performance and clinical contexts. The research
published here spans several key thematic areas, including neuromuscular function, gait
analysis, anthropometry, sport-specific techniques, motor learning, and methodological in-
novation, each offering relevant contributions to the scientific community and practitioners
working in the field.

Biomechanical Analysis in Physical Activity and Sports provides valuable insights
into age-related changes in neuromuscular control and gait patterns to rehabilitation
practices, helping to refine strategies for patients recovering from surgery and anatomic
pathologies, improving their mobility and quality of life [13]. Finally, it offers a novel
approach to assessing speed fluctuation in swimming, which is integral for performance
optimization in aquatic sports, providing athletes and coaches with valuable insights into
pacing strategies [14].

The contributions to this Special Issue reflect the multidimensional nature of biome-
chanical analysis in sport and physical activity. The integration of new technologies,
interdisciplinary methods, and population-specific considerations showcases the maturity
and continued evolution of the field. These papers deepen the scientific understanding of
movement and offer practical applications for coaches, clinicians, and practitioners seeking
to enhance performance and wellbeing across diverse populations.
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Abstract: Background: Running is a popular physical activity known for its health benefits
but also for a high incidence of lower-limb injuries. This study examined the effects of
three biomechanical interventions—cadence adjustments, footwear modifications, and
foot orthoses—on plantar pressure distribution and spatiotemporal running parameters.
Methods: A quasi-experimental, repeated-measures design was conducted with 23 healthy
recreational runners (mean age 25, mean BMI 22.5) who ran at least twice per week. Five
conditions were tested: baseline (C0), increased cadence (C1), orthoses (C2), low-drop
footwear (C3), and a combination of these (C4). Data were collected on a Zebris tread-
mill, focusing on rearfoot contact time, peak forces, and stride length. Results: Increasing
cadence (C1) reduced rearfoot impact forces (—81.36 N) and led to a shorter stride (—17
cm). Low-drop footwear (C3) decreased rearfoot contact time (—1.89 ms) and peak force
(—72.13 N), while shifting pressure toward the midfoot. Orthoses (C2) effectively redis-
tributed plantar pressures reducing rearfoot peak force (—41.31 N) without changing stride
length. The combined intervention (C4) yielded the most pronounced reductions in peak
forces across the rearfoot (—183.18 N) and forefoot (—139.09 N) and increased midfoot con-
tact time (+5.07 ms). Conclusions: Increasing cadence and low-drop footwear significantly
reduced impact forces, improving running efficiency. Orthoses effectively redistributed
plantar pressures, supporting individualized injury prevention strategies. These findings
suggest that combining cadence adjustments, footwear modifications, and orthoses could
enhance injury prevention and running efficiency for recreational runners.

Keywords: running; biomechanics; cadence; foot orthoses; plantar pressure

1. Introduction

Running holds an essential place in the sporting landscape and continues to attract an
increasing number of participants worldwide, with more than 600 million people engaging
in this activity. In recent years, its popularity has surged, particularly due to its accessibility
and widely recognized health benefits. A 2022 report by World Athletics highlighted a 30%
increase in running participation over the past decade, driven by urban running events and
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the rise of fitness culture [1,2]. In France alone, 25% of the population (12.4 million people)
participate in running, underscoring its widespread appeal [3].

Beyond its popularity, running is associated with both physical and mental health
benefits, including improved cardiovascular health, weight management, and stress reduc-
tion [4]. However, it also presents a notable risk of musculoskeletal injuries, with an annual
incidence ranging from 19.4% to 79.3% among runners [5]. The most common injuries
affect the lower limbs [6,7], particularly the knee, leg, and foot, resulting from multifactorial
causes, including training errors, biomechanical characteristics, and environmental factors.

The most prevalent injuries include patellofemoral pain syndrome (PFPS), iliotibial
band syndrome (ITBS), Achilles tendinopathy, and stress fractures. These injuries not
only hinder performance but may also lead to long-term health consequences. Studies
indicate that up to 50% of runners experience recurrent injuries within a year of returning
to activity [8]. For instance, PFPS is often linked to patellar misalignment and muscle
imbalances [9,10], ITBS is associated with excessive friction between the iliotibial band and
femur [11,12], Achilles tendinopathy results from repetitive strain, and stress fractures are
common in runners who dramatically increase their training volume [13,14].

These injury risks highlight the need for targeted biomechanical interventions that
address improper force distribution and suboptimal spatiotemporal parameters during
running [15,16]. Risk factors such as inappropriate training loads and biomechanical
abnormalities (e.g., overpronation, excessive hip adduction) have been implicated, though
their direct relationship with injuries remains debated [17-20].

Recent research emphasizes the role of running technique, particularly cadence and
foot strike patterns, in modulating injury risk. A low cadence or pronounced rearfoot
strike has been associated with increased knee and hip loading, contributing to PFPS and
ITBS [21,22]. Consequently, running retraining has emerged as a promising strategy for
reducing injury risk by optimizing biomechanical parameters and redistributing forces
away from vulnerable structures [23,24].

While previous studies have examined cadence modification, footwear adjustments,
and orthoses separately, little is known about their combined effects on running mechanics.
Understanding these interactions could improve injury prevention and rehabilitation
strategies. While studies have examined their separate effects, limited evidence exists on
their synergistic impact [25,26].

This study aims to assess both the individual and combined effects of these interven-
tions on key biomechanical parameters, such as cadence, stride length, and force distribu-
tion. By addressing this gap in the literature, this research seeks to provide evidence-based
recommendations for optimizing running mechanics, reducing injury risk, and enhanc-
ing performance.

Biomechanical running analysis, including detailed stride assessment and correction
of abnormalities, has shown promise in injury prevention. Advanced tools, such as the
Zebris instrumented treadmill, allow for real-time plantar pressure analysis, identifying
spatiotemporal gait parameters and force distribution patterns. These include cadence,
stride length, rearfoot-midfoot—forefoot contact time, and peak force distribution, essential
for designing targeted interventions to correct biomechanical inefficiencies [27].

Several biomechanical interventions have been proposed to mitigate injury risk, in-
cluding cadence modifications, footwear adjustments, and foot orthoses [28,29]. Increasing
cadence (typically by 5-10%) has been shown to reduce stride length, vertical oscillations,
and braking forces during ground contact [30,31]. Similarly, low-drop footwear promotes
midfoot or forefoot strikes, shifting mechanical loads away from the knee [32,33]. Foot
orthoses modify plantar pressure distribution and foot structure deformation, but their pre-
cise effects remain uncertain—especially when combined with other interventions [34,35].
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This study seeks to provide a comprehensive understanding of these biomechanical in-
terventions and their potential for reducing injury risk and enhancing running performance.
The findings will offer valuable insights for clinicians and sports scientists in optimizing
running mechanics and promoting long-term athlete health.

2. Methods
2.1. Protocol and Registration

This study complied with all STROBE guidelines [29]. This study was conducted in
accordance with the Declaration of Helsinki on Ethical Principles for Medical Research
Involving Human Subjects and was approved by the Ethics Committee of the University
of Malaga (CEUMA 206-2023-H) in Spain [30]. Data confidentiality was also ensured.
Data collection and storage adhered to strict confidentiality protocols. To ensure data
confidentiality, all personal identifiers were removed or anonymized. Participant data were
securely stored in an encrypted database, accessible only to the research team. No data will
be publicly shared but may be made available upon reasonable request, in compliance with
legal and ethical regulations.

2.2. Design

A quasi-experimental design with repeated measures was chosen for this study. This
approach allowed for the evaluation of multiple interventions within the same group of
participants, thereby reducing inter-individual variability and increasing statistical power.
While randomized controlled trials (RCTs) are often considered the gold standard for
reducing bias, a quasi-experimental design was deemed more practical due to logistical
constraints, such as the difficulty of recruiting a large number of participants for multiple
randomized groups.

Additionally, this design enabled the assessment of combined interventions (e.g., ca-
dence adjustment, footwear modification, and orthotics), which would be challenging to
implement in a traditional RCT framework. To address potential sources of bias, strict
control over experimental conditions was maintained, including standardized warm-up
protocols, rest periods, and environmental factors.

Each participant was randomly assessed under the following five conditions (Table 1):

e  CO (Reference Condition): Rearfoot-to-toe drop of 10 mm, no cadence adjustment,
no orthotics.

e (1 (Cadence only): 10 mm rearfoot-to-toe drop, 10% increase in cadence, no orthotics.

e (2 (Plantar orthoses): 10 mm rearfoot-to-toe drop and Alain Lavigne Inversion Foot
Orthoses (ALIFOrthoses) [31].

e (3 (Asics Noosa shoe): 5 mm rearfoot-to-toe drop, no orthotics. The low drop favors a
plantar attack on the forefoot or midfoot, which can modify the forces exerted on the
rearfoot compared to high-drop shoes [32].

e (4 (Cross-interventions): 10% increase in cadence, ALIFOrthoses, 5-mm rearfoot-to-
toe drop.

Table 1. Each condition’s key features.

Condition Footwear Drop Cadence Orthoses
CO (Reference) Control shoes 10 mm No adjustment (0%) None
C1 (Cadence only) Control shoes 10 mm +10% None
C2 (Plantar orthoses) Control shoes 10 mm No adjustment (0%) ALIFOrthoses
C3 (Asics Noosa) Asics NOOSA 5 mm No adjustment (0%) None
C4 (Cross-interventions) Asics NOOSA 5 mm +10% ALIFOrthoses
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2.3. Participants

A total of 23 healthy recreational runners (mean age: 25 + 4.5 years, BMI: 22.5 + 1.34)
were recruited. Participants were required to run at least twice weekly and have no history
of lower-limb injuries in the past six months. All participants were at least 18 years old and
could follow the study instructions.

Inclusion criteria:

e Age > 18 years.

e  Recreational running activity of at least 2 sessions per week (running 5 km in under
25 min).

e  Habitual use of running shoes with a 10 mm drop.

o  Willingness and ability to adhere to the study protocol.

Exclusion criteria:

e  Degenerative diseases of the bones and joints (diagnosed based on medical history).

e  Surgery of the lower limbs.

e  Recent knee or ankle injuries or serious foot injuries that may have left morphologi-
cal changes.

e  Painful skin conditions (e.g., calluses, plantar warts).

e  Lower-limb injuries in the past 6 months (verified by self-report).

These criteria ensured the selection of a homogeneous population, minimizing poten-
tial biases linked to biomechanical disorders or adaptations.

After receiving detailed information about the study aims and procedures, each
participant signed an informed consent form.

The experimental measurements were carried out at the R&D laboratory of the Rock-
efeller School in Lyon (8th arrondissement) between February and November 2024. The
laboratory was equipped to maintain controlled environmental conditions, optimizing
data reliability.

2.4. Procedure

The running shoes used in the study were ASICS NOOSA, featuring a 5 mm rearfoot-
to-toe drop and a weight of 255 g (men’s size 9). They incorporated FlyteFoam® (Onitsuka
Co., Ltd., Kobe, Japan) midsole technology for lightweight cushioning with organic fibers to
enhance durability. The outsole was made of wet grip rubber and was designed to provide
excellent traction on wet surfaces, while the upper part comprised a no-sew, breathable
mesh for superior comfort (Figure 1).

Figure 1. Profile view of the Noosa model from Asics.

The foot orthoses were thermoformed “Alain Lavigne Inversion Foot Orthoses” (ALI-
FOrthoses) [31], designed with a full-length medial wedge and a Shore A hardness of 35.
The orthoses included a supinating rearfoot wedge, medial arch support, supinated forefoot
wedge, and a lateral stabilizing wedge for enhanced support and alignment (Figure 2).
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Figure 2. Front view of Alain Lavigne Inversion Foot Orthoses design.

2.5. Experimental Conditions

The Zebris treadmill was selected for its unique ability to measure plantar pressure
distribution and spatiotemporal parameters in real time. The key features include a matrix
of capacitive pressure sensors under the tread, which provides high-resolution data on force
distribution and gait dynamics. This system allows precise speed adjustments (0.2-24 km/h
in 0.1 km/h increments) and real-time data visualization, making it ideal for analyzing
running mechanics under controlled conditions.

Before starting the experimental conditions, the participants completed a 5 min warm-
up period on the Zebris treadmill at a self-selected speed while wearing their own shoes.
This was performed to ensure participant comfort and achieve a stable running state,
thereby reducing potential variability during the trials, in line with the recommendations
of similar studies.

To minimize fatigue as a confounding factor, rest periods of five minutes were imple-
mented between conditions. During this time, participants remained seated, hydrated, and
refrained from physical activity.

Each participant ran at a fixed speed of 12 km/h on a Zebris treadmill, which was
selected for its high-resolution plantar pressure measurement and spatiotemporal parame-
ter analysis.

Each participant performed test runs under the five distinct experimental conditions
described above, each performed at a constant speed of 12 km/h. This speed was chosen
based on its relevance to recreational runners because it represents a moderate pace that
is achievable for most participants while allowing for detailed biomechanical analysis.
However, this fixed speed may limit the external validity of the findings for runners who
typically train at significantly faster or slower paces.

Biomechanical data from the Zebris treadmill is collected using a matrix of capacitive
pressure sensors integrated under the tread. These sensors continuously measure the
pressure exerted by the feet on the tread surface. They are individually calibrated to
ensure high accuracy [33,34]. Data were acquired via sensors that recorded the variations in
pressure as the subject ran on the treadmill. The data include information on the distribution
of plantar pressure, phases of contact (rearfoot, midfoot, and toes), and zones of maximum
pressure [34].

The measurements were transmitted in real time to a computer to ensure synchroniza-
tion with the software. This dedicated software interprets and displays data in real time
in the form of color-coded plantar pressure maps and spatiotemporal parameters, such as
cadence, step length, contact time, etc., to analyze balance and stability [35].

The data are then recorded for in-depth analysis. The software generates graphs,
tables, and detailed reports. The results are stored and can be compared across multiple
trials or subjects to assess progress or detect asymmetries [33].
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Each condition consisted of two minutes of running: the first minute was for familiar-
ization and the second minute for data collection.

2.6. Sample Size

The required sample size was calculated using a 95% confidence level and 80% power
based on the effect size derived from preliminary data. The study concluded that 24 partici-
pants per group were required to achieve the study objectives. However, due to recruit-
ment challenges, the final sample size was limited to 23 participants. This discrepancy
may slightly reduce the statistical power of the study, potentially increasing the risk of
Type Il errors (false negatives). Nevertheless, the repeated-measures design mitigates this
limitation by increasing the sensitivity to detect within-subject differences.

2.7. Statistical Analysis

A repeated-measures ANOVA was chosen because each participant underwent all
five conditions, allowing us to account for within-subject variability and enhance statistical
power by using each individual as their own control. Before analysis, we checked normality
to verify the normality of data distribution (p > 0.01). In cases where normality assumptions
were violated, non-parametric tests (e.g., Wilcoxon signed-rank test) were applied to
assess the effects across conditions while controlling for inter-individual variability. The
Kolmogorov-Smirnov test was conducted to verify the normality of data distribution
(p>0.01). In cases where normality assumptions were violated, non-parametric tests
(e.g., Wilcoxon signed-rank test) were applied.

Descriptive statistics were expressed as means and standard deviations, with 95%
confidence intervals. Statistical significance was set at p < 0.05, and all analyses were
performed using MATLAB (R2021a, 8.3.0.532, The MathWorks Inc., Natick, MA, USA),
which was chosen for its robust handling of complex biomechanical data and capability to
run post hoc comparisons with appropriate corrections for multiple testing.

3. Results

The study included 23 recreational runners with an average age of 25 years (SD = 4.5)
and a BMI of 22.5 (SD = 1.34). Participants ran at least twice per week and had no history
of lower-limb surgery or injuries in the past six months. To facilitate results interpretation,
key findings are summarized before each table.

3.1. Overview of Key Findings

e Cadence adjustment (C1) and the combined intervention (C4) showed the most pro-
nounced reductions in rearfoot peak force, while footwear changes primarily influ-
enced midfoot contact time.

e  The combined intervention (C4) produced the largest reduction in rearfoot impact
(—139.09 N, p < 0.001), suggesting it may be the most effective strategy for minimizing
joint stress in runners.

e  Footwear modification (C3) led to an increase in midfoot contact time (+1.98 ms), while
orthoses (C2) redistributed plantar pressure with a moderate effect on rearfoot force.

e  Stride length and step length were significantly reduced under conditions C1 and C4,
suggesting a more compact and controlled gait pattern.

3.2. Spatiotemporal and Force Distribution Comparisons

A detailed comparison of spatiotemporal parameters and force distribution across
conditions is presented in Table 2.
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Table 2. Comparison of spatiotemporal parameters and force distribution across different run-
ning conditions.

Parameter Co C1 C2 C3 C4 A (vs. C0) p-Value Effect S’ize
(Mean + SD) (Mean + SD) (Mean +SD) (Mean &+ SD) (Mean + SD) (Cohen’s d)

Reatrifrfl‘ét(ijr‘l’;‘)ta‘ft 4222+345 4200+534  41.00+423  4411+287  41.83+376 :11592 ((532)) <0.001* gz‘é‘;’ ((%))
Mi‘zifr‘;‘: (Crflrs‘)tad 5145+23  5328+267  5327+422  5343+329 5652+ 3.98 Ll;:g‘; ES; <0.001 * g"‘ég (((C:i))
Forteifr‘r’lzt(;‘l’;‘)tad 794+432  8045+34  80.09+239  785+42  79.02+3.1 ild,%i ((%))' <0.001 * g'gg ((S?)
Re?(ff;’:t(lﬂ‘;ak 46108 £765 379724678 419774388 388954544 321994502 :18319'.359(%25 <001+ 9 ESL))
Foﬁgi‘c’gt(ﬁ‘;ak 10417+ 864  973.65+792 102448 £ 893 976.63 £922  858.54 + 852 __16;3'?178(%23 <001+ 977 ESL;
Stri‘trf)“gth 24017 +482 22317+373 240.12+522  237.69+39.1 22357 +42.9 :zgg ((81)) <0.001 * g'gi ((81))

—8.34 (C1), . 052(Cl),
Steplength (cm) 119754163 111414217 11999 +184 118504193 11167£239 o <0001 0.50 (C4)

* Significant; ms milliseconds; cm centimeter; N newton; SD Standard deviation.

3.3. Key Observations

Regarding rearfoot contact time, condition C2 reduced it by 1.22 ms (Cohen’s d = 0.45,
p < 0.001), indicating a moderate effect. In contrast, condition C3 increased rearfoot contact
time by 1.89 ms (Cohen’s d = 0.61, p < 0.001), reflecting a more noticeable change. With
respect to the midfoot contact time, C4 had the most substantial impact, increasing this
phase by 5.07 ms (Cohen’s d = 0.89, p < 0.001), suggesting a strong effect.

In terms of peak rearfoot force, all conditions led to a significant reduction, with C4
producing the most pronounced decrease (—139.09 N, Cohen’s d = 1.02, p < 0.001). Similarly,
for peak forefoot force, C4 showed the greatest reduction (—183.18 N, Cohen’s d = 1.21,
p < 0.001), indicating a substantial effect. Finally, regarding stride and step length, both C1
and C4 significantly reduced stride length by —17 cm and —16.6 cm, respectively (Cohen’s
d = 0.56 and 0.54, p < 0.05), suggesting an adaptation toward a more compact running
pattern (Figure 3).

Experimental Conditions
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1000

800

600

Mean Values + SD

400 “ I

200 FI’ |
I |
.

‘(\s\ ((\c)\ ((\s\ \“\ \$\ (5(\\ d(\\
e e e o o< o o
V8 N e e
ot o o 5 e e \S
o o o oot (oo o &e®
o ook o oot o ot “eaﬁ o€
& \ <0

Biomechanical Parameters

Figure 3. Distribution of biomechanical parameters across different running conditions.
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4. Discussion

The aim of our study was to assess the individual and combined effects of differ-
ent interventions on key spatiotemporal parameters of strength and force distribution.
Our findings contribute to the growing body of literature on running biomechanics and
provide practical insights for optimizing running mechanics to reduce injury risk and
enhance performance.

Regarding the drop of the shoes, these parameters, in the scientific literature, are
influenced by the various experimental conditions. A shoe with a 10 mm drop (CO) favors
a rearfoot attack, increasing rearfoot contact time and peak rearfoot force. However, the
impact on stride and step length may vary between individuals [36]. Our results align
with previous studies, which demonstrated that a higher rearfoot-to-toe drop promotes a
rearfoot strike pattern, increasing loading on the knee and hip joints [25,37].

A 10% increase in cadence (C1) generally reduces ground contact time, decreases peak
force, and can slightly shorten stride length, improving efficiency and reducing the risk of
injury [24]. Increasing cadence by 5-10% significantly reduces impact forces and loading
rates, particularly at the knee joint [38].

Inversion foot orthoses (C2) alter the distribution of plantar pressures, influencing
peak forces and contact times in different areas of the foot, with varying effects depending
on the correction made [39]. Orthotics play a key role in redistributing plantar loads and
reducing stress on specific structures, such as the medial tibia and Achilles tendon [40].

The use of shoes with a drop reduced to 5 mm (C3) encourages a midfoot or forefoot
attack, reducing rearfoot contact time and peak rearfoot force, while possibly increasing
forefoot contact time [36]. Minimalist shoes with low rearfoot-to-toe drops promote a
forefoot strike pattern, reducing impact forces at the rearfoot but increasing loading on the
forefoot [41]. Finally, a combination of several of these conditions (C4) with a +10% cadence,
inversion soles, and shoes with a 5 mm drop can encourage a midfoot attack, reduce ground
impact, and optimize force distribution, positively influencing stride and step length [36,39].
A multifactorial approach is essential to address the complex biomechanical demands of
running, supporting the need for integrated interventions [42].

This study demonstrates that increasing cadence (C1) significantly reduces stride
length and step length, decreases peak force in the rearfoot and forefoot, and increases
contact time in the midfoot and forefoot. These findings align with research indicating that
increased cadence reduces impact forces and stride length, enhancing running economy
and reducing injury risk [43]. Our findings have significant implications for clinical and
training practices. For example, increasing cadence (C1) could be particularly beneficial for
runners with high injury rates, such as those with patellofemoral pain syndrome (PFPS) or
iliotibial band syndrome (ITBS), as it reduces knee-joint loading and impact forces [38].

Alain Lavigne Inversion Foot Orthoses (C2) did not significantly affect stride or step
length but reduced peak rearfoot force, with no significant forefoot changes, and increased
midfoot and forefoot contact time. This suggests that orthotics redistribute plantar loads,
primarily affecting the rearfoot without altering stride length [44]. Alain Lavigne Inversion
Foot Orthoses (C2) could be particularly useful for runners with excessive pronation or flat
feet as they help redistribute plantar pressures and reduce stress on the medial tibia and
Achilles tendon.

Using shoes with a reduced drop (5 mm) (C3) led to moderate reductions in stride
and step length, decreased rearfoot and forefoot peak forces, increased midfoot contact
time, and reduced forefoot contact time. These effects are consistent with studies showing
that a lower shoe drop encourages a midfoot strike, altering impact forces and running
mechanics [45].
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The combination of these interventions (C4) resulted in pronounced reductions in
stride and step length, significant decreases in rearfoot and forefoot peak forces, and
increased midfoot contact time, with no changes in forefoot contact. This cumulative effect
underscores the benefits of integrated approaches, as highlighted in literature advocating
for combined strategies to maximize biomechanical benefits [46].

Overall, the findings corroborate prior research showing that biomechanical adjust-
ments, such as increasing cadence and using reduced-drop shoes, enhance running econ-
omy and decrease lower-joint impact forces, reducing injury risk [36,43]. Orthotics con-
tribute by redistributing forces without affecting stride length, supporting existing research
on their role in managing plantar load distribution [47]. Specific interventions, like cadence
increases (C1) and reduced-drop shoes (C3), could be recommended as non-invasive strate-
gies to reduce mechanical stress on lower joints, benefiting individuals with conditions
such as plantar fasciitis, medial tibial stress syndrome, or Achilles tendinopathy [10,48].
ALIFOrthoses (C2) may assist in redistributing plantar loads, aiding in rehabilitation after
injuries such as stress fractures or foot deformities (for example, flat or hollow foot) [49].

Combining these interventions (C4) could optimize multiple biomechanical param-
eters in personalized rehabilitation protocols, particularly for complex cases involving
multiple injury risk factors or performance limitations. Furthermore, these strategies can
be integrated into motor reprogramming programs to teach optimized running techniques,
offering proactive solutions for injury prevention and recurrence [50].

This study has several limitations that should be acknowledged. First, the sample
size of 23 participants, although sufficient for detecting significant differences, may limit
the generalizability of the findings. A larger sample size would enhance the statistical
power and allow for subgroup analyses based on factors such as running experience or
injury history.

Second, the short duration of the intervention (two minutes per condition) may not
fully capture the long-term effects of these biomechanical adjustments. Future studies
should consider longer intervention periods to assess the sustainability of these changes.

Third, the controlled laboratory setting, while ideal for standardizing conditions, may
limit the ecological validity of the findings. Running on a treadmill differs from outdoor
running in terms of surface variability, environmental factors, and psychological responses.
Future research should validate these findings in real-world settings using wearable sensors
or outdoor running protocols.

This study paves the way for further research into the multifactorial optimization
of running biomechanics. Future studies could explore the longitudinal effects of these
combined interventions on sports performance and injury prevention. For example, a
six-month follow-up study could assess whether the observed biomechanical changes lead
to a reduction in injury rates or improvements in running economy.

Additionally, it would be relevant to evaluate these adjustments in specific popula-
tions, such as runners with musculoskeletal injuries, by integrating clinical and functional
parameters to assess the benefits on performance and overall health. For instance, runners
with a history of stress fractures or Achilles tendinopathy could be targeted to evaluate the
effectiveness of reduced-drop shoes and orthotics in reducing recurrence rates.

Another promising direction is the integration of wearable technologies, such as on-
board sensors or smart insoles, to provide real-time feedback on running mechanics. These
devices could be used to validate treadmill findings in outdoor running conditions and
to personalize biomechanical adjustments based on individual needs. For example, a
runner with excessive pronation could receive real-time feedback on foot strike patterns
and pressure distribution, enabling immediate corrections during training sessions.

12
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Our results indicate that cadence adjustments (+10%) and low-drop footwear (5 mm)
can significantly reduce rearfoot impact forces, making them practical, non-invasive in-
terventions for injury prevention. Orthotic modifications, while less influential on stride
parameters, effectively redistribute plantar pressures, making them useful for runners with
existing biomechanical imbalances:

e Cadence adjustment (+10%) may be particularly beneficial for runners at high risk of
overuse injuries (e.g., patellofemoral pain syndrome (PFPS) or iliotibial band syndrome
(ITBS)), as it helps reduce knee-joint loading [38].

e Inversion foot orthoses (C2) could be useful for runners with excessive pronation or
flat feet, as they aid in redistributing plantar pressures and reducing stress on the
medial tibia and Achilles tendon.

e  Low-drop footwear (C3) may help runners transition to a midfoot strike, potentially
benefiting those with high-impact running mechanics but requiring careful adaptation
to avoid excessive forefoot loading.

o  Combined interventions (C4) could be recommended for runners needing comprehen-
sive biomechanical optimization, particularly in rehabilitation settings or performance
training programs.

5. Conclusions

This study shows that modifying cadence (+10%) and wearing reduced-drop footwear
(5 mm) significantly influences running mechanics, particularly by reducing impact forces
and altering foot contact durations. ALIF Orthoses (C2) had a limited effect on stride length
but significantly redistributed plantar loads, suggesting its role in load management rather
than stride modification.

The combined intervention (C4) produced the most pronounced cumulative effects,
particularly in reducing impact forces and modifying foot contact durations, reinforcing
the benefits of a multifactorial approach in optimizing running biomechanics.

Future research should assess the long-term impact of cadence adjustments and
footwear modifications on injury rates, particularly in runners with a history of overuse
injuries. Additionally, wearable technology could be leveraged to monitor real-time biome-
chanical adaptations in natural running environments

Combining these interventions (C4) offers a multi-faceted strategy to enhance running
efficiency, optimize biomechanics, and reduce injury risk.

This study highlights the potential of combined biomechanical modifications in en-
hancing running mechanics and reducing injury risks. By integrating cadence, footwear,
and orthotic adjustments, runners and clinicians can implement evidence-based strategies
for performance optimization and injury prevention.
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Abstract: Background/Objectives: Riding a bicycle is a foundational movement skill that can be
acquired at an early age. The most common training bicycle has lateral training wheels (BTW).
However, the balance bike (BB) has consistently been regarded as more efficient, as children require
less time on this bike to successfully transition to a traditional bike (TB). The reasons for this greater
efficiency remain unclear, but it is hypothesized that it is due to the immediate balancing requirements
for learners. This study aimed to investigate the reasons why the BB is more efficient than the BTW
for learning to cycle on a TB. Methods: We compared the variability of the child-bicycle system
throughout the learning process with these two types of training bicycles and after transitioning to
the TB. Data were collected during the Learning to Cycle Program, with 23 children (6.00 & 1.2 years
old) included. Participants were divided into two experimental training groups, BB (N = 12) and BTW
(N =11). The angular velocity data of the child-bicycle system were collected by four inertial mea-
surement sensors (IMUs), located on the child’s vertex and T2 and the bicycle frame and handlebar,
in three time phases: (i) before practice sessions, (ii) immediately after practice sessions, and (iii), two
months after practice sessions with the TB. The largest Lyapunov exponents were calculated to assess
movement variability. Conclusions: Results supported the hypothesis that the BB affords greater
functional variability during practice sessions compared to the BTW, affording more functionally
adaptive responses in the learning transition to using a TB.

Keywords: bicycle; functional variability; nonlinear; inertial sensors; skill adaptation; postural
control; learning paths; motor development; physical activity; health

1. Introduction

Riding a bicycle has recently been considered a foundational movement skill [1,2]
with multiple lifetime benefits [3], which should be promoted early in development [4].
The new conceptual model proposed by Hulteen et al. [1] suggests replacing the term
‘fundamental movement skills” with ‘foundational movement skills’, which underpins a
significant conceptual adaptation to broaden the scope of skills, including specifically riding
a bicycle, considered important for promoting physical activity and other positive health
trajectories across a lifespan. Indeed, several studies corroborate that learning to cycle
supports adherence to and the maintenance of healthy and positive trajectories, particularly
due to the beneficial effects on physical health, such as improved body composition and
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enhanced cardiorespiratory fitness [3], and mental health, including increased socialization
opportunities and the development of social skills [5,6]. For all these reasons, previous
studies have considered learning to ride a bicycle an important milestone [4,7,8].

According to research, even though using a bicycle with lateral training wheels (BTW)
is the most common approach to learning to cycle worldwide [9], the balance bike (BB), a
bicycle without pedals nor training wheels, is the most efficient learning bicycle [4,9-13].
It has been argued that the use of the BTW is a mistake [12] which can be counterproduc-
tive [10,11,14-19]. By adding the side wheels, as an artificial method to increase stability
and minimize bicycle oscillations, the child learns to pedal without directly experiencing
the bicycle’s instability. When training wheels are removed, the child is confronted for
the first time with the instability of the bicycle and responds by organizing defensive
responses, including freezing their upper limbs and trunk, impacting the imbalance of the
bicycle [10,13]. On the other hand, a child using the BB from the start immediately learns to
engage with instability and only has to deal with pedaling after achieving and maintaining
balance. Several other studies have indicated that the balance bike (BB) is a more efficient
learning tool than the bicycle with training wheels (BTW). For instance, a recent systematic
review investigated the best strategies to promote efficient cycle learning [4]. Additionally,
a retrospective study found that children who learn to cycle using the BB can successfully
cycle independently on average 1.81 years earlier than those who use the BTW [9]. Despite
the significance of these ideas [4,12,20] for learning to cycle only, one study has sought to
experimentally verify the efficacy of these two training bicycles [13]. The investigation
applied an intervention program (L2Cycle), comparing two groups of kindergarten and
elementary school children, where one group practiced with the BTW and another with
the BB. They found that the BB group learned to self-start, ride, brake, and cycle indepen-
dently (i.e., all these cycling milestones performed sequentially) significantly faster than
participants in the BTW group, which corroborates previous suggestions in the literature.
However, the “why” question is left unresolved, with a need for research to verify possible
reasons behind the greater effectiveness of the BB in learning to cycle.

Our conceptualization of the BB’s learning effectiveness lies in the functionality of
motor system variability for skill adaptation. Traditional approaches to interpreting move-
ment system variability considered it ‘noise’ or a result of errors [21,22] to be eliminated
from performance. More recently, a dynamical systems interpretation has highlighted the
functionality and importance of movement variability for adapting skills [23]. That is,
the same coordination task, like cycling with a training bicycle, could be performed by
re-organizing multiple elements or degrees of freedom (e.g., motor units, muscles, joints,
limbs, a movement axes, and planes) and a wide variety of combinations between them [24].
Functionality is assumed to be a system’s ability to carry out its tasks effectively and adap-
tively. Movement variability, as a movement system that explores different solutions for the
same task, can contribute to task functionality by affording system adaptability in facing
unexpected and challenging situations [25]. The human movement system has evolved
the capacity to produce several solutions for the same coordination task (e.g., locomotion),
affording functional system adaptability in facing unexpected and challenging contexts,
such as being able to use a traditional bicycle [21,25]. Variability during the learning process
is currently considered a crucial aspect and is one of the essential elements of the recent
theory of nonlinear pedagogy [23,26]. According to this theoretical framework, which is
based on dynamic systems [27,28], Newell’s constraints [29], and ecological dynamics [30],
learning should be learner-centered rather than teacher-centered. The teacher/coach acts
as a filmmaker who sets the stage for learning (i.e., manipulates various constraints) so that
the main actor, the learner, can self-organize and acquire and master the new motor skill.
Therefore, the teacher should introduce variability during the process, encouraging the
learner to seek new and more efficient motor solutions [23,26].

Movement variability has traditionally been measured by using linear tools, like the
standard deviation statistic, to quantify the amount of variability independently of their
order in a data series [22]. In contrast, nonlinear methods afford analysis based on the
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performance process, looking for both the structure and quality of variability [31]. To
analyze variability in biological systems, as in the case of a child riding a bicycle, nonlinear
measurement tools can provide deeper insights in the (re)organization of movement [31].
In this sense, several nonlinear methods could be used, such as recurrence quantification
analysis (RQA) [32], which evaluates the recurrence of dynamic states in time series; or, the
single scale entropy could be used, which can be used as a measure of the uncertainty and
irregularity of time series [33,34]. Nevertheless, considering the present study’s purpose,
which consists of specifically analyzing motor variability, and its specifications, including
periodic data from angular velocities, the most suitable nonlinear technique consists of
the largest Lyapunov exponent (LyE) [35,36]. The LyE is probably the most popular
nonlinear method used to assess stability and variability [31,35]. This method is widely
used in the analysis of biological systems because it offers a deeper understanding of the
neuromotor control of movement. It is very sensitive to initial conditions and the divergence
of trajectories in dynamic systems, providing a robust measure of system stability and
variability [31,35,36]. This method reconstructs the data in a system’s state phase and
measures the rate at which the orbits converge or diverge. In periodic signals, the LyE
value is 0, as the orbits do not converge or diverge. A positive LyE signifies that the orbits
are diverging, while a negative value indicates that the orbits are converging [37]. The LyE
has already proven to be a valid measure for analyzing human gait [35,36], since lower
values LyE indicate rigidity in the system and an inability to adapt. In contrast, higher
values indicate greater variability and adaptability, with the system being able to respond
more quickly to destabilization in order to maintain system order [35,38].

Considering the gap in the literature regarding rationalizations for the greater effi-
ciency of BBs, compared to BTWs, and the potential of using nonlinear methods to study
rider-system variability, the present study sought to investigate the process of learning to
cycle with either the BB or BTW. Specifically, we compared variability (by using the LyE)
(i) within the same training bicycle group (BB or BTW), (ii) between bicycle groups (BB vs.
BTW) at different stages of learning, and (iii), between children who did and did not learn
to cycle independently. We also considered the newer theories that have highlighted the
importance of variability [39] and the existing literature that points out balance exploration
as the key component for the BB’s efficiency [4,40]. We hypothesized that the mechanisms
behind the effectiveness of the balance bike (BB) include the immediate engagement with
balance and postural control, which promotes greater functional variability. This variability
may allow children to explore and adapt their movements more effectively, leading to the
quicker mastery of cycling skills. In this sense, we hypothesized the following: (a) the BB
would afford greater functional variability, compared to the BTW, during the period of first
contact with a bicycle and after training; (b) there would be no difference in variability after
children learned to independently cycle on the traditional bicycle; and (c) children who
did not learn to cycle independently during the program would display lower values of
variability than children who did. If these hypotheses were confirmed, the findings could
indicate that the greater values of variability in using the BB signal its greater efficiency in
supporting children’s skill adaptation in functionally using a traditional bicycle.

2. Materials and Methods
2.1. Study Design

This study was conducted during the Learning to Cycle Program (L2Cycle) interven-
tion, a two-week bicycle camp that helped children to learn how to cycle. The program
included six lessons with a BB group and a BTW group, followed by four sessions with both
groups using the traditional bicycle (TB) (i.e., with pedals and without training wheels). The
training environment was designed with different surfaces, slopes, and vertical obstacles,
allowing children to explore actions related to the basic milestones of cycling including self-
starting, maintaining balance, moving around, avoiding obstacles, and braking. Practice
sessions were undertaken daily for a duration of 30 min and were conducted by physical
exercise technicians with safety equipment [13]. The results regarding the effectiveness of
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learning to cycle between the BB and BTW, by analyzing the number of sessions required to
achieve each stage of cycling, as well as independent cycling, have already been presented
and discussed in a previous study (see more information in [13]). This intervention was
simultaneously used to collect data on variability during the learning process using two
different training bikes, which is the focus of the present study.

To analyze movements during the learning process, three evaluation phases were
defined: (i) before the training program, with the training bicycle (O1), (ii) after the six
training lessons, still with the training bicycle (O2), and (iii), two months after the training
program, with the TB; see Figure 1. The program and the data collection procedures were
approved by the Ethics Committee of the Faculty of Human Kinetics (approval number:
22/2019).
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Figure 1. A presentation of the study design (2 groups x 3 moments), with the identification of
the comparisons.

2.2. Participants

Twenty-three children participated in the study, aged between three and seven years
(nine girls; M= 6.00; SD = 1.20 years). Random stratified samples were constituted based
on sex and age. Twelve children were allocated to the BB group and eleven to the BTW
group. In Ol (pre-intervention evaluation), no statistically significant differences were
found between the groups regarding their weight, height, BMI, BMIs percentile, motor
competence, and previous bicycle experiences (all ps > 0.05) [13]. Participation in the study
was completely voluntary and free of charge, and participants could leave the study if they
wished without having to give reasons.

Before the intervention, we confirmed that none of the participants were able to cycle
independently, meaning that they did not know how to ride a traditional bicycle. The
ability to cycle independently prior to the intervention was an exclusion criterion. To be
considered independent riders, the children needed to fulfill the following criteria: to be
able to perform a self-launch (to start cycling, the researcher could only stabilize the bicycle
if the child’s feet could not reach the ground, due to small stature), cycle for at least 10 m,
and brake safely.

All participants performed in O1 and O2. However, in O3, four children in the BB
training group did not participate, with one due to health issues and three because they
were not able to perform the self-launch, due to their small stature. Another four children
in the BTW group did not participate in O3, with one because of their small stature and
three because they could not cycle independently using the TB.

2.3. Bicycle Equipment

The bicycles used were the LittleBig Balance Bike (LittleBig, Wicklow, Ireland). This
model was chosen because it can be adapted, through the rotation of its saddle, to children
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from 2 to 7 years old and because it allows the insertion of the pedal crank in it. The BTW
group used the same LittleBig model but with the pedal crank and two lateral training
wheels added. The use of the same bicycle model in the two groups also allowed us to
eliminate possible variables masked by use of different bicycle models by the different
groups, ruling out variations due to ergonomic issues or component friction.

2.4. Data Collection and Protocols

To ensure similarity between the groups at the beginning of the intervention, data
on body composition, motor competence, and previous cycling experience were collected
during the O1 evaluation. A Level Il anthropometrist certified by the International Soci-
ety for the Advancement of Kinanthropometry (ISAK) performed the body composition
measurements, which included weight and height [41], followed by the calculation of
BMI and its percentile classification according to age and sex [42]. Motor competence was
assessed using the Motor Competence Assessment battery [43]. Previous cycling experi-
ence information was gathered through a brief questionnaire administered to parents or
guardians [13].

To ensure that the participants were comfortable and familiar with the study pro-
cedures and equipment, a thorough familiarization process was conducted prior to the
data collection [44]. This process included the following steps: (i) an introduction to the
task, presented as a game; (ii) equipment familiarization, where the participants were
introduced to the customized vest with the inertial measurement units (IMUs) and the
equipment was presented as a superhero outfit that was going to collect some information
about the game they were playing; (iii) equipment exploration, where, prior to mounting
the bicycle, the children were invited to walk and run a little with the customized vest
in order to get used to the feel of the equipment; (iv) safety and comfort checks, where,
throughout the familiarization process, investigators conducted regular checks to ensure
that the equipment was properly fitted and that the participants were comfortable.

During all moments of evaluation (O1, O2, and O3), the children were invited to ride
a bicycle for five minutes, in a 10 m x 10 m area, with no further instructions or feedback
from trainers (for more details, see [45]).

Considering that we wanted to calculate the variability of the child and the bicycle,
four inertial measurement units (IMUs) (SparkFun 9DoF Razor, Niwot, CO, USA) were
used and placed in specific locations. These specific locations were chosen to provide a
comprehensive analysis of both the rider’s body movements and the bicycle’s dynamics,
allowing for a detailed understanding of the child-bicycle system during the learning
process. On the participants, one IMU was placed at the vertex point through an adjusted
headband [46,47], allowing the analysis of head movements. This location was selected
because head movements are crucial for understanding how the child controls their balance
and spatial orientation while cycling. Another IMU was placed by the second vertebra of the
thoracic column (T2) [48], through a customized vest, allowing analyses of trunk segment
motions. The trunk plays a fundamental role in maintaining balance and coordinating
movements during cycling. By monitoring the trunk’s movements, we could assess how
the child stabilized their body and adapted their posture to maintain equilibrium and
control the bicycle effectively. On the bicycle, one IMU was placed in the spokes of the
front wheel, providing data from the handlebar. This location was chosen because the
handlebar movements were directly influenced by the child’s actions and were essential for
steering and maintaining the bicycle’s stability. Analyzing the handlebar data helped us
understand how the child manipulated the bicycle to navigate and maintain balance, which
is critical for developing cycling proficiency. Another IMU was placed in the seat tube of
the bicycle frame, providing motion data relating to the whole bicycle [11]. This location
was selected to capture the overall dynamics of the bicycle, including its oscillations and
adjustments made by the child; see Figure 2. Inertial sensors (IMUs) have been consistently
shown in the previous literature to be reliable tools for capturing kinematic data [49].
These small, powerful devices allow for the quick and convenient collection of large
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amounts of data, enabling more ecological assessments. Winter et al. [50] highlighted
their effectiveness in analyzing movement variability during cycling, demonstrating their
capability in capturing kinematic data across different body segments. The excellent validity
and reliability of IMUs have also been tested and proven in various other activities, such as
running and walking [51,52] and jumping [53]. The sensor was calibrated according to the
manufacturer’s recommendations by holding the sensor in a static position for 8 s previous
to each collection [54]. All collected data from the IMUs were sampled at a rate of 100 Hz,
with a full scale of 4G defined for the accelerometer and 2000 deg/s for the gyroscope [45].

+Z axis

Figure 2. A graphical representation of the experimental setup with the sensor locations.

Each data collection phase was also video-recorded to identify the points in time
when the child was cycling or performing other activities (e.g., stopping to rest or fall).
The video was recorded with a smartphone (Samsung A71, Seoul, Republic of Korea) at
30 Hz. To synchronize the IMUs and the video, before each data collection period, the
researcher lifted and dropped the bicycle’s front wheel on the ground, on three consecutive
occasions, with intervals of approximately five seconds between them. Before data analysis,
a visual inspection was made to identify the three peaks corresponding to the three drops.
The IMUs were synchronized by identifying the first acceleration peak from each drop.
The video was also synchronized to the IMU data by identifying the first video frame
corresponding to the first impact of the front wheel on the ground; this synchronization
process allowed us to identify in the IMU data the onsets of periods of cycling and other
activities previously verified in the videos [45].

2.5. Data and Statistical Treatment

Initially, all video clips were analyzed to identify the beginning and end of each data
collection episode, as well as the moments when the child was not cycling (e.g., when they
fell or their image exited the video frame). These were later discarded.

Data treatment was performed with a custom matlab routine. Considering that the
length of a time series affects the calculation of LyE values, and following the recommenda-
tion that time-normalization to a fixed point or duration is necessary [36], all time series
were cut according to the one with the lowest duration, which was fixed at three minutes.
This value is within methodological recommendations established in the literature [36].
After normalization, the data were filtered using a low-pass, second-order Butterworth
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filter with a cutoff frequency of 10 Hz (e.g., [55,56]). Therefore, the LyE values for the
angular velocity were calculated for each IMU, child, and evaluation moment. The angular
velocity variable was chosen because it allows the study of postural control (e.g., [57,58])
and because the movements under analysis were mainly rotations.

For the statistical analysis of the data from the IMUs located on the children’s heads
and trunks, three movement planes were considered, since the movement was multiplanar.
For the handlebar IMU, only the frontal and transverse planes were considered, since the
handlebars did not move in the sagittal plane. For the IMU of the bicycle frame, only the
frontal plane was considered since it did not move in sagittal and transversal planes.

The statistical analysis of the data was performed with the Statistical Package for
Social Sciences (IBM Corp, version 26), and the statistical significance level was defined at
p < 0.05. Descriptive statistics were used for sample characterization and for the LyE values
of each IMU for each movement plane, evaluation moment, and group. The Shapiro-Wilk
test was used to estimate the samples’ normality of data distribution. Accordingly, paired
t-tests were used to compare, within the same group, the values of each IMU, for each
movement plane, between the different evaluation moments. Independent t-tests were
performed to compare the same IMU, for each movement and evaluation moment, between
the two training groups, BB and BTW, and between the BTW children who became inde-
pendent riders and those who did not. For all significant comparisons, the effect size r was
calculated [59].

3. Results

The descriptive data (average + standard deviation) of each IMU for each movement
plane, moment of evaluation (O1, O2, and O3), and group are presented in Table 1. All
Lyapunov mean values were highly positive and far from zero, signifying divergent orbits
or that the body and bicycle oscillations were not regular in space. These values were
always higher in the BB group, except for frontal plane in the O1 and O2 moments. Per
group and between movement planes, the Lyapunov standard deviations of the child and
of the bicycle were small and similar, particularly very much smaller than the Lyapunov
means. This finding is statistically important, considering the sample sizes. Interestingly,
when the standard deviation values were analyzed, the BTW group presented higher values
than the BB group for both O1 and O2, except only at the O2 point’s sagittal plane. However,
in O3, this tendency was inverted, and the BB group had higher standard deviation values,
with the only exception of the vertex’s frontal plane.

Table 1. Lyapunov descriptive statistics (M =+ SD), in BB and BTW groups, for each IMU, movement
plane, and evaluation moment (01, O2, O3).

Movement 01 02 03
Group MU Plane M =+ SD M =+ SD M =+ SD
Sagittal 58.82 + 1.45 59.27 +1.03 58.50 + 1.43
Vertex Frontal 57.85 +1.14 57.72 + 0.87 56.64 + 1.26
Transverse 56.51 + 1.25 56.87 + 1.04 55.63 +1.71
Sagittal 59.16 + 1.51 58.48 +1.21 57.30 + 0.99
BB T2 Frontal 56.61 £+ 1.25 56.33 + 0.77 55.39 + 1.31
Transverse 57.36 + 0.80 57.16 + 0.65 56.18 + 1.63
Bicycle frame Frontal 54.32 +1.29 55.22 +0.72 55.86 + 0.94
Frontal 55.97 + 1.08 5733 +1.14 57.60 + 1.48
Handlebar

Transverse 55.84 +1.13 5720 +1.14 57.72 + 1.65
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Table 1. Cont.

Movement 01 02 03
Group MU Plane M + SD M + SD M =+ SD
Sagittal 56.60 £2.13 55394135 58414 1.36
Vertex Frontal 5518 +1.76 57514+ 1.13  56.22 + 1.98
Transverse 5391 +1.87 5494 +135 5437+ 1.45
Sagittal 56.01 -1.82 56284098  57.58 4+ 0.78
BTW ™ Frontal 5258 +2.16 53434121 54554 1.23
Transverse 55.02 £+ 1.87 55.97 +1.70 55.79 + 0.98
Bicycle frame Frontal 5752 £1.82 5828 +£149 5501+ 047
Handleb Frontal 5339 +212 55354202  57.56 4 1.10
andlebar Transverse 5354 +222 5551+ 166  57.68 +0.67

3.1. Comparisons Between Evaluation Moments

Considering the BB group, between pre-intervention (O1) and after six training ses-
sions (02), there were significant increases in the variability in the following: (i) the bicycle
frame for lateral rotations in the frontal plane (t(11) = —2.41; p = 0.035; r = 0.588); (ii) the
handlebar for lateral rotations in the frontal plane (t(11) = —3.74; p = 0.003; r = 0.748); and
(iii) left-right rotations in the transverse plane (t(11) = —2.334; p = 0.04, r = 0.576). No
statistically significant changes were observed for the data from the vertex and T2 IMUs. In
comparing results from after training with the BB (O2) to results from after cycling skill
acquisition on the TB (O3), significant decreases occurred in the variability levels at T2
for all planes; the children reduced their velocities for flexion and extension in the sagittal
plane (t(7) = 2.634; p = 0.034; r = 0.706), lateral flexions in the frontal plane (t(7) = 4.201;
p =0.004; r = 0.775), and left-right rotations in the transverse plane (t(7) = 2.467; p = 0.043,
r = 0.682). No significant changes were verified for the other IMUs. The statistical outcomes
are presented above in Table 2, and an illustrative schematic of all comparisons is presented

in Figure 3.
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Table 2. A table summarizing the significant differences between assessment moments within the
same group.

O1 Versus 02 02 Versus O3
Group MU Movement Plane p, 1, Direction Change  p, 1, Direction Change

Sagittal ns ns
Vertex Frontal ns ns
Transverse ns ns

Sagittal ns p =0.034; r = 0.706; |

BB v Frontal ns p=0.004;r=0.775; |

Transverse ns p=0.043; 7 =0.682; |
Bicycle frame Frontal p =0.035; ¥ = 0.588; 1 ns
Frontal p =0.003; r = 0.748; ns
Handlebar Transverse p=0.04;7=0.576; 1 ns
Sagittal ns ns
Vertex Frontal ns ns
Transverse p =0.025; r = 0.640; T ns

Sagittal ns p =0.020; r = 0.790; T
BTW T2 Frontal ns ns
Transverse ns ns

Bicycle frame Frontal ns p =0.006; r = 0.865; T
Frontal p =0.009; r = 0.713; ns
Handlebar Transverse p=0.012; 7 =0.697; © ns

Notes: ns—no statistical significance; T—significant increase between evaluations; |—significant decrease be-
tween evaluations.

Considering the BTW group, after the six training sessions, there were significant
increases in the system variability in the following: (i) the vertex for left-right rotations
(t(10) = —2.636; p = 0.025; r = 0.640); (ii) the handlebar for lateral rotations (t(10) = —3.218;
p =0.009; r = 0.713); and (iii) left-right rotations (t(10) = —3.077; p = 0.012; r = 0.697). There
were no significant changes observed in the data from the T2 and bicycle frame IMUs. In
comparing results from after training with the BB (O2) to results from after cycling skill
acquisition on the TB (O3), significant increases in the variability for the T2 IMU were
verified in the values for the velocity of the flexion and extension (t(6) = —3.152; p = 0.020;
r = 0.790) and in the bicycle frame’s velocity of lateral rotations (t(6) = 4.219; p = 0.006;
r = 0.865); no differences were observed in the variability values for the vertex nor the
handlebar (see Figure 3).

3.2. Comparisons Between Groups

The comparison between the BB and BTW groups showed significantly greater vari-
ability in the BB group during O1 and O2. This was observed for the vertex (flexion and
extension, lateral oscillations, and left-right rotations), T2 (flexion and extension, lateral
oscillations, and left-right rotations), and handlebar (lateral oscillations and left-right
rotations). Conversely, the BTW group showed greater variability in the bicycle frame’s
lateral oscillations during both O1 and O2, confirming the Lyapunov mean values. The
statistical results for significant differences are presented in Table 3 and Figure 3.

In O3, after acquiring cycling skills, the only difference between the groups was in the
velocity of the bicycle frame’s lateral oscillations, with the BB group showing greater variability.
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Table 3. A table summarizing the significant differences between groups within the same assess-

ment moments.

03
Groups IMU Movement Plane 01 02 (in TB)
Sagittal p=0.008; r =0.541; 1 p =0.001; » = 0.650; ns
Vertex Frontal p <0.001; r = 0.689; 1 p <0.001; ¥ =0.792; ns
Transverse p=0.001;r=0.653; 1 p =0.008; r = 542; 1 ns
Sagittal p<0.001;r=0.771; 1 p <0.001; » = 0.720; ns
BB versus BTW T2 Frontal p<0.001;r=0.771; 1 p <0.001; » = 0.833; ns
Transverse p <0.001; r = 0.654; 1 p=0.034; v = 0.443; ns
Bicycle frame Frontal p <0.001; » =0.730; | p<0.001;r=0.814;] p=0.048;r=0.519; 1
Handleb Frontal p =0.001; r =0.630; 1 p =0.008; r = 0.538; T ns
andiebar Transverse p=0.0057=0570;1  p=0.009; r=0.530; + ns
Notes: ns—no statistical significance; T—value significantly superior in BB group; |—value significantly inferior
in BB group.
3.3. Comparisons to Children That Did Not Acquire the Skill of Cycling Independently
The L2Cycle program demonstrated an 88% success rate for achieving independent
cycling on the TB. Notably, all children in the BB group successfully reached the level
of independent cycling, resulting in a 100% success rate. In contrast, three children in
the BTW group did not reach this level, resulting in a 75% success rate. To consider
whether variability could be one of the reasons for this failure, a comparison between the
performance of children in the BTW group who became independent riders and those who
did not was undertaken at the first moment of evaluation, O1, and after six training lessons,
in O2. In O1, there was no significant difference in the variability measures recorded by
any IMU. At the beginning of training (O1), the BTW children who ended up not achieving
independent cycling acted similarly to those who did. However, in O2, the independent
riders had a higher level of variability in the velocity of the handlebar for lateral oscillations
(t(9) = 4.411; p = 0.002; r = 827) and left-right rotations (t(9) = 4.191; p = 0.002; r = 0.813);
no other statistically significant differences were observed in O2. It should be noted that
children who did not acquire the level of cycling independently displayed lower mean
values than the independent riders for all other measures from the IMUs and planes of
movement; see Table 4.
Table 4. Lyapunov descriptive statistics of independent and non-independent riders, for each IMU,
for movement planes and first (O1) and second (O2) periods.
01 02
BTW Group IMU Movement Plane M -+ SD M -+ SD
Sagittal 56.72 = 2.41 57.83 = 1.18
Vertex Frontal 55.08 + 1.96 55.25 +1.30
Transverse 54.07 £ 1.92 55.51 +1.43
Independent Riders of Sagittal 56.14 +1.27 56.38 + 1.07
BTW group T2 Frontal 5248 + 2.4 53.57 + 137
Transverse 55.04 +2.12 56.21 = 1.65
Bicycle frame Frontal 57.43 £1.90 58.40 £+ 1.66
Handleb Frontal 53.96 £+ 2.00 56.32 £ 1.12
andiebar Transverse 54.18 £ 2.04 56.30 & 0.98
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Table 4. Cont.

01 02

BTW Group IMU Movement Plane M -+ SD M + SD
Sagittal 56.28 = 1.43 56.65 + 0.26
Vertex Frontal 55.43 + 1.39 54.09 + 1.31
Transverse 53.49 4+ 2.05 55.08 4+ 1.29
Non-Independent Sagittal 55.65 + 1.00 56.02 + 0.80
Riders of BTW group T2 Frontal 52.84 +1.70 53.05 + 0.69
Transverse 54.98 + 1.37 55.30 4+ 1.99
Bicycle frame Frontal 57.78 £1.92 57.97 +1.03
Handleb Frontal 51.86 + 1.93 52.74 + 1.45
andiebar Transverse 51.83 + 2.04 53.41 + 1.16

4. Discussion

Despite the widespread use of the BITW, several previous studies suggest that the
BB may be more effective in facilitating the transition to the TB. However, the reasons
behind this greater effectiveness remain unclear, with the assumption that it may be linked
to their inherent exploration of balance. In the present study, we sought to analyze the
movement variability that emerged from participants during the process of learning to
cycle, at different evaluation times, using the BB or the BTW training cycles, as well as after
the cycling skill acquisition with the traditional bicycle (IB). We hypothesized that the BB
would provide greater functional variability, which, in turn, could favor skill adaptation
and more effective learning outcomes. The greatest exponent of LyE, as a nonlinear measure
of movement variability, did emerge as a sensitive system parameter, increasing in value
after six training sessions in both groups, recorded at several points on the body and the
bicycle, with differing movement planes. Since the LyE measure was calculated through the
variable of the angular velocity, its increased variability implied greater and faster variations
in rotations, which could represent the bicycle’s and children’s postural oscillations. The
implication is that, after training, the children were adapting their postural regulation and
exploring more (and faster). This performance characteristic was reflected in increases in
the velocity of the left-right rotations of the head on the BTW. In controlling the bicycle,
movement variability as a skill adaptation was reflected in increases in the velocities of the
handlebar’s lateral oscillations and left-right rotations in both groups and in the velocity
of the bicycle frame’s lateral oscillations in the BB group. These increments in movement
variability measures could reflect the children’s search of, exploration of, and adaptation
to a more freely movable instrument for locomotion, the bicycle. Also, it is interesting
to note that not only were patterns of increased movement variability common to both
groups but also were their variations. While between O1 and O2 the BB children increased
their exploration of the bicycle frame’s control, the BTW children did not. The BB group
also displayed increases in the variability of head segment rotations. The use of the BTW
when learning to cycle presents similarities with the use of baby walkers in the process of
learning to walk. Infants/children sit on the walker/bicycle and just need to walk/pedal
without having to worry about balance control or lateral oscillations. Although the use
of baby walkers is still not consensual [60], some studies have argued that they delay the
child’s movement development with respect to walking [61,62]. Other studies have not
confirmed a developmental delay in using walkers but have instead identified kinematic
changes in gait patterns [63]. It could be argued that artificial support for movement
systems’ postural regulation and stability during locomotion and transport, which both
aids provide, when walking or cycling may not provide the necessary task constraints
for a child to self-organize and adapt their movement skills for achieving a new task or
locomotion pattern.

When analyzing different stages of the learning process, comparing the end of the
practice period with the learning bicycles (i.e., BB or BTW, O2) to the end of the period of
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practice with the TB (O3), it was observed that the variability pattern differed among the
two groups; while the BB children reduced their levels of variability in the trunk velocity
(represented by data from the T2 IMU) in all movement planes, the BTW group participants
increased their variability in the velocity of the trunk flexion and extension and in the
velocity of the bicycle’s lateral oscillations (represented by data from the bicycle frame
IMU). In the last observation phase, O3, the BTW children could not use their training
wheels (like infants leaving a baby walker), so their center of gravity was no longer stable.
Consequently, they were forced to explore how to regulate the postural control of their
trunk, as well as controlling the bicycle.

As hypothesized, when comparing the movement variability of postural control
between the two learning bikes, the BB provided greater postural variability in the child-
bicycle system from the point of initial contact, in O1, as well as after practice, in O2. The
BB group displayed greater variability in all movement planes for the head (represented by
data from the vertex IMU) and for the trunk, as well as in all planes for the steering wheel.
By not having any artificial support (i.e., the absence of the training wheels), it was more
difficult to keep the BB balanced, even when feet were in contact with the ground, than
to keep the BTW balanced. This is because, even when there are no feet in contact with
the ground, the BTW bicycle does not fall and has small lateral oscillations. Besides this
difference in task constraint, to ride the BB, the children had to self-propel with their feet
on the ground. These relations of the children with the BB could result in the emergence of
what has been termed a ‘neutral” affordance landscape, supporting agency in exploring
multiple BB cycle patterns, e.g., walking, running, hopping, and others [45,64]. Not long
after the first contact with the BB, a child could simply push and maintain balance with the
BB by gliding [45]. The BB supported the exploration of a greater variety of cycle patterns,
leading the children to explore greater spatiotemporal variability in several segments and
movement planes, which was reflected by the higher LyE values. The only exception was
in the velocity of the bicycle frame’s lateral rotations, in which the BTW children displayed
greater system variability compared to the BB group. This is a result that may not have been
expected since the lateral wheels limited the amplitude of the bicycle’s lateral oscillations.
However, even with lateral wheels, in tight curves or at higher speeds, the experimenters
observed that the centrifugal force pushed the children’s trunk to move laterally, lifting one
of the training wheels off the ground, resulting in a fall or an abrupt return of the wheel
to the ground. This rapid oscillation produced by mechanical factors may have led to a
higher LyE value, thus justifying this unexpected observation.

In comparing the measures of movement variability in the TB between both groups,
only one statistically significant difference was found, with the BB group participants dis-
playing higher variability in the velocity of the bicycle frame’s lateral rotations. Generally,
these results show that the same foundational motor developmental capacities, in this case,
the ability to cycle, can be achieved along different pathways, by using different training
bicycles like the BB or BTW [9]. This observation is in line with what Waddington de-
fined as the equifinality principle [65]. Interestingly, when analyzing movement variability
in the two groups across all observations, in O1 and O2, the BB participants displayed
significantly higher LyE values with lower standard deviations for all points and planes,
except in the T2-O2-sagittal plane. But, this tendency was inverted in O3, when the BB
children continued to display higher LyE mean values (with the only statistically significant
difference being observed for bicycle frame’s rotation). Higher standard deviation values
were observed for all points in time and movements, except in the vertex’s frontal plane.
Despite having reduced the variability of their oscillation velocity when they transferred to
the TB, between O2 and O3, the BB participants continued to display higher mean values
of variability, especially in O3, when even higher standard deviation values were observed
in this group. Considering that the standard deviation of LyE is a variability measure of
variability itself, and that the BB participants showed greater success in learning to cycle
than the BTW group, these findings imply that variability seems to have been used in a
functional way as a performance solution and not as a problem.
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These data corroborate the idea of Bernstein [66] that learning to coordinate complex
actions, like riding a bicycle, is acquired by unfreezing, controlling, and mastering degrees
of freedom (DOF), i.e., motor units, muscles, joints, limbs, movement axes, and planes.
More recently, Berthouze and Lungarella [67] proposed an update to these ideas, verifying
that the acquisition of coordination results from dynamic alternations between freezing and
freeing DOFs, also arguing that the movement system needs to be perturbed to trigger these
freezing and freeing mechanisms. Our hypothesis is that the functional properties of the
BB may have the necessary structural level of perturbation to trigger the child-BB system
for the emergence of diverse self-organized cycle patterns. However, this might require
a complexification of the child’s postural variability, as was observed in the head and
trunk IMUs’ values, in order to be attuned with the emergence of a greater BB functional
variability, as expressed in bicycle frame and handlebar IMUs’ values.

Previous studies in movement science using LyE measures have reported that higher
values have been associated with greater movement system variability and flexibility in
responding more quickly to perturbations in order to better control balance [35,38]. Indeed,
children from the BB group adapted more easily to the TB, being able to self-launch, ride
for 10 m, and brake significantly more quickly than participants in the BTW group [13]. In
contrast, the BTW participants needed more time to adapt and three of them were not able
to cycle independently after practicing with that bike. As already noted by Burt et al. [10],
when children training with a BB transit to a TB, they tend to reveal defensive responses
with an increasing stiffness in the trunk and arms, which tends to impact their capacity to
balance on the bicycle and, consequently, their ability to cycle independently. The lower-
level variability afforded by training with the BTW did not propitiate the children with
enough opportunities to achieve greater postural flexibility on the bike. In response, they
ended up freezing their movement system’s DOF, which is typical in those in the early
learning stage according to Bernstein [66].

The present findings are aligned with previous research on motor skill acquisition,
particularly studies focusing on the development of balance and coordination in children.
For instance, research on the acquisition of gross motor skills, such as running and jumping,
has shown that variability in practice can enhance motor learning by promoting adaptability
and variability in motor performance [68]. Similarly, studies on fine motor skills, such as
handwriting and object manipulation, have demonstrated that diverse practice conditions
can lead to more adaptive skill acquisition [69]. These parallels suggest that the principles
of motor variability and adaptive learning observed in our study with balance bikes (BB)
are consistent with broader motor learning theories.

This hypothesis was confirmed by the significantly lower levels of movement variabil-
ity displayed by the non-riders in our study, especially in all movement planes analyzed at
the BTW handlebar. The non-riders displayed lower mean values for movement variability
measures than the independent riders in all analyzed segments (IMUs) and in all motion
planes; see Table 2.

4.1. Pratical Aplications

The present results contribute to shedding more light on the reasons why the BB proves
to be more efficient in learning to cycle compared to the more traditional BTW approach.
The inherent exploration of balance and the provision of greater motor variability during the
learning process are potential catalysts. These results, as well as those of previous studies
which show that it is possible to learn to cycle independently through a BB from the age of
three [9,13], have practical applications for both school and family contexts. Kindergarten
teachers, primary school teachers, physical education teachers, coaches, parents, and family
members who want to encourage children to learn to cycle independently at a young age
should make a BB available to their children as early as possible [70], e.g., as soon as they
have acquired independent walking skills. Providing this equipment in a school context
contributes not only to learning to cycle but also to increasing motor skills, developing
coordination skills such as balance and spatial orientation, and [20,40], not least, providing
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moments of sharing and fun between peers, contributing to the development of relational
skills [71].

4.2. Strengths, Limitations, and Considerations for Future Studies

The results of this study highlight that higher levels of movement system variability
may be one of the important reasons for greater efficiency in learning to cycle when using
a BB. Indeed, this finding also provides insights about the most efficient motor learning
strategy for learning to cycle, based on allowing learners to explore movement system
variability. In studies of learning to cycle using different learning bikes, the LyE has
presented itself as a useful nonlinear measure which is a reliable tool for studying human
gait [35,36]. Here, we demonstrated its use for studying learning behaviors in cycling,
reinforcing the utility and versatility of the LyE.

The small sample size of the present study may limit the generalizability of the findings.
Despite the effort and methodological rigor in controlling several possibly confounding
variables (e.g., body composition and motor competence), it was not possible to control
others that may also have had some influence on learning, such as physical fitness levels or
socio-economic factors. Future research needs to verify the current findings with a larger
sample size, controlling more possible confounding variables and perhaps using a longer
learning phase.

Balance ability in children can be influenced by intrinsic constraints such as age, motor
competence, and prior experience. Research indicates that balance performance improves
with age, as older children typically exhibit better postural control and stability due to more
advanced neuromuscular development [72]. Higher motor competence is associated with
better balance abilities, as children with greater motor skills can more effectively manage
their body’s movements and maintain stability [73]. Prior experience with activities that
challenge balance can also enhance a child’s ability to control their posture and respond
to balance-related tasks [74]. Given these potential influences, it was crucial to evaluate
these variables at the beginning of our intervention. Our assessments confirmed that there
were no significant differences between the two groups in terms of age, motor competence,
or prior cycling experience at the start of the study. This homogeneity reinforces the
internal validity of our study, ensuring that the observed effects could be attributed to the
intervention itself rather than pre-existing differences between the groups. Additionally,
a child’s height can be considered an individual constraint and may affect their ability to
learn how to ride a bike. Depending on the bike’s features, particularly the height of the
seat from the ground, shorter children might not be able to sit with their feet comfortably
touching the ground. This affects their ability to self-launch on the bike without assistance.
This issue was observed in the current study, with the youngest children, aged three,
representing a limitation of the study. It is recommended that future studies consider the
suitability of bicycle dimensions for their sample and that bicycle manufacturers adjust
their designs to better accommodate younger children.

Furthermore, there are several other nonlinear methodologies that could provide com-
plementary insights into the coordination of movements, such as recurrence quantification
analysis (RQA) [32], single scale entropy [34], and refined composite multiscale dispersion
entropy (RCMDE) [33]. To gain a deeper understanding of the processes coordinating ac-
tions when learning to cycle, further investigations could be designed using and combining
these nonlinear techniques. Incorporating these advanced methodologies can enhance
our understanding of motor behavior and its underlying mechanisms, particularly in the
context of motor development [75,76].

5. Conclusions

Our results revealed that using the BB allowed for the greater postural variability of
the child-bicycle system formed during learning, compared to using the BTW. The BB
technology allowed children to use it to explore skill adaptation, facilitating a faster to the
TB. Movement system variability, viewed in more traditional theories as error or noise,
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needs to be re-evaluated as a part of a system’s adaptive dynamics, supporting the capacity
to adapt to the environment and learn more efficiently. The variability captured by the
LyE technique may reflect the freezing and freeing of DOFs, which afford the emergence
of synergies between a child and bicycle, supporting the acquisition of the foundational
motor skill of riding a bicycle.

The results of this study also provide empirical support, verifying the choice of the
balance bike as an adequate instrument for learning to cycle autonomously. The data
suggest that policy makers, cycling federations, coaches, educators, and parents should
choose the BB over the BTW for children to learn to cycle.
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Abstract: Background: The proper development of balance is essential in the acquisition of a correct
physical condition, as well as in the evolutionary follow-up at early ages, and its periodic evaluation
is very relevant in the educational environment. Objectives: The objective of this research was to
design an accessible web application for static and dynamic balance assessment, based on a force
platform and motion analysis software. Methods: The Single leg balance test (SLB), Tandem balance
test (TBT), and Y balance test (YBT) were performed on a sample of 75 children aged 6 to 9 years.
Results: The results show that static balance is more complex at an older age, greater standing height,
and with eyes closed (p < 0.001). Regarding the center of pressure (COP), its variability was greater
in girls owing to a lower Total Force (TF) at the time of the test (p < 0.05). Parallel observation with
the Kinovea software has made it possible to elaborate a scale from 1 to 10 points for integration
into an open-access web application (IMEP) to assess static and dynamic balance. Conclusions: The
creation of an ad hoc application for primary school teachers and students has been possible by using
validated devices obtaining a rating scale, which facilitate the monitoring of students’ functional
evolution and offers the possibility of scheduling physical education sessions with a preventive
approach as well as a focus on improving physical condition.

Keywords: motion analysis; physical activity; educational application; balance; primary education

1. Introduction

Balance is fundamental to the development of motor skills, body schemas, and tonic
functions [1]. It is the basis of coordination and spatial-temporal control, always repre-
sented by an initial imbalance until the end of rebalance, particularly in sports move-
ments [2-4]. The interaction of its variables, the base of sustenance, center of mass
(COM) [5], and changing the center of pressure (COP) at each joint [6] is basic for an
efficient and precise motor sequence. A balanced action [7] is defined by cooperation
between the central nervous system as a regulator and the musculoskeletal system as
the executor.

Balance control is primordial at early ages; up to three years of age, it allows the first tasks
of displacement, position maintenance, and dynamic balance [8]. Between 4 and 5 years of
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age, there is no established relationship between static and dynamic balance [9] (ability to
stand upright with or without movement, respectively) because of the maturation of brain
areas related to motor control. This relationship is slightly better in girls, without being
significant [10,11]. At eight and nine years of age, some studies relate children’s develop-
ment to improved self-concept and self-efficacy [12] when the movement is clearer and
more oriented, owing to the plasticity of the nervous system that leads to a great gestural
improvement, highlighting the oculo-segmental, a qualitative change in the activities of
balance and general coordination [13], which makes this age group the most suitable for
static balance work [14]. From the age of 9 years, anatomical growth results in a motor
imbalance that improves with adequate and continuous physical exercise [15] and reaches
its peak at approximately 23 years of age [16].

The role of Physical Education teachers in consolidating this achievement is funda-
mental from the age of six years, guaranteeing greater motor richness with the application
of different skills: physical-motor, socio-motor, and perceptual-motor [17]. Its systematic
and structured work [18] provides benefits when prolonged for more than one month [19].
The use of interactive balance tools such as the MABC-2 Battery can aid in the early detec-
tion of coordination disorders [20]; thus, the integration of these types of resources in the
classroom with an adequate evaluation and interpretation of data [16] is of added value
and great support to the teaching staff.

Traditionally, balance assessment consists of measuring the time it takes to maintain a
position, minimizing visual stimuli, as it depends on the functions of the vestibular and
proprioceptive (somatosensory) systems [21-23]. Measurement techniques are complex
and, being proprioceptive in nature, take the physiological mechanisms, influencing factors,
and location of the variable within the system as a reference. The complex interactions
between these elements make it difficult to analyze and measure their specific functions
and characteristics [24]. Most current techniques assess the integrity and function of
proprioceptive components with measurements along afferent and efferent pathways, the
result of musculoskeletal activation, or a combination of the two [25].

The static tests include unipodal tests, such as the flamingo test [26], with its variant
with eyes closed [27], and the bipodal ones, such as the tandem or Romberg’s test, which
includes hands at the side and eyes closed [24]. In unipodal dynamics, the equilibrium
test in T [28], the well-known Y balance test (YBT), and the Star Excursion Balance Test
(SEBT) [29,30] are widely used in recovery protocols, with work suggesting the integration
of other movement models [31]. In the case of bipodal tests, the Gesell balance test can be
used [16], or tandem walking, which is also used in special populations [32]. In general,
the differences between tests usually boil down to the placement of body segments and the
execution time [33,34].

For accurate assessment, isolating dependent variables with direct measurements from
medical applications, such as the Biodex Balance System [35], force platforms [36], pressure
analysis, or the use of the baropodometer [5], is ideal for measuring symmetry, moment
of force, COM and COP projection, plantar support, barycenter, or stabilometry in a static
position [37]. However, in the educational field, this type of instrumentation is inaccessible
owing to the cost and student ratio. Alternative tools, mainly mobile applications, have
been designed to calculate the balance with increasing accuracy [38,39], taking advantage
of the fact that, by default, these devices include an accelerometer but offer only one
form of balance, are not open source, and are not globally accessible. A shortage of open
and collective resources that measure the precision of validated instruments and can be
integrated into the specific contents of the curriculum has been detected [40].

For these reasons, the objective of this research was to develop an objective and
accessible tool that allows teachers and students between six and nine years of age to
assess static and dynamic balance. This would allow obtaining an accurate measurement
of different types of balance with different applications: school for teachers and students
and personal monitoring adjusted to individual characteristics, with the incentive of being
open and having a comparative reference with other cases of the same educational cycle.
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2. Materials and Methods
2.1. Experimental Approach to the Problem

To develop an objective and accessible tool that allows Physical Education professionals
to evaluate balance in children aged 6-9 years, a cross-sectional study was carried out using
quantitative biomechanical tests and field evaluations with movement analysis instruments.

Five primary schools participated in this study and provided authorization. Informed
consent was obtained from the parents/legal guardians of all participants. The timetable for
measuring the tests agreed with the Physical Education teachers of each center. The study
was designed in accordance with the Declaration of Helsinki to guarantee the fundamental
rights of research on human subjects and was approved by the Ethics Committee of the
Catholic University of Valencia (reference number: UCV /2015-2016/049).

2.2. Participants

The sample was selected based on the accessibility of the participating schools and was
therefore non-probabilistic by convenience. The inclusion criteria were as follows: being a
student from the 1st to 3rd year of Primary Education (6 to 9 years old), not suffering from
any lower limb injury, and voluntary participation of the Physical Education teacher in the
research. The reasons for exclusion were limited to non-compliance with the age of the
study. The descriptive data for the sample are shown in Table 1.

Table 1. Characteristics of the students participating in the study (mean =+ standard deviation).

Global Female Male
N 75 44 31
Age 7.27 +0.74 7.23£0.71 7.32 +£0.79
Weight (kg) 27.25+7.37 2591 +£5.93 29.16 + 8.79
High (m) 1.28 + 0.06 1.27 +0.05 1.29 +0.08
BMI 16.59 £ 3.64 16.1 £3.2 17.29 £ 4.14
Dominant foot Right 68 (90.67%) 42 (95.45%) 26 (83.87%)
Non dominant foot Left 6 (8%) 2 (4.55%) 4 (12.9%)
Foot Size 3295 +2.14 32.48 + 1.66 33.63 + 2.56
Leg length 67.45 + 4.62 67.28 4.5 67.69 + 4.85

Note: BMI = Body mass index. SD = Standard deviation.

2.3. Procedure

Informed consent was obtained (guardians/parents), and anthropometric measure-
ments of weight (Seca 750, Hamburg, Germany) and height (Seca 213, Hamburg, Germany)
were measured by a qualified professional (ISAK-I).

Leg length: With the knee extended, the talus (ankle) and greater trochanter of the
femur (hip) were located, and the distance between the two was measured with a metallic
tape measure. Next, the laterality of the lower extremities was identified using an accurate
chopstick test [41].

Finally, self-adhesive markers were placed on the following bony landmarks: (1) acromion:
starting from the distal third of the clavicle, the thumb was slid to its end point, and the
marker was placed on the most prominent edge on the glenoid surface of the humerus;
(2) navel: in the anterior frontal plane, the marker was placed in the hollow located in the
abdomen; and (3) the external border of the greater trochanter of the femur, starting from
the sagittal plane, and the most prominent lateral bony border was located. The thumb was
placed, and the subject was asked to perform hip flexion to detect the pivot point [42] and
(4) L3 lumbar vertebra: from the posterior frontal plane, in a standing position, both hands
were placed on the edges of the pelvis located at the L4 lumbar vertebra by palpation, and
one vertebra ascended and was located at L3.

To proceed with the measurement, the space was adapted in such a way that the
portable force platform (Kistler, Model 9260AA, Winterthur, Switzerland) was placed in the
center and with four cameras (GoPro Hero, Model 3+ Silver, San Mateo, CA, USA): one front
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(displacement of the umbilicus), one rear (of L3), and two lateral (variation of the greater
trochanter and acromion) located at a distance of 2 m from the central point of the platform
(150 x 250 mm) and at a height of 0.7 m. Finally, a camera perpendicular to the subject (Pana-
sonic, Model HC-V130, Osaka, Japan) in HD (17 Mbps/VBR) with 1920 x 1080 px resolution
for subsequent analysis using the Kinovea software (Kinovea, v2023.1, Bordeaux, France) and
two 1m red marks visible from all cameras as a reference for this software (Figure 1).

= : Q 1
i i ) i g“\\wii'\\

Figure 1. Adequacy of the measurement environment and joint markers. Note: (Left) Study environ-
ment; (Center-left): frontal marker, umbilicus; (Center-right): dorsal marker, lumbar L3; (Right): lat-
eral markers, acromion, and greater trochanter.

A single measurement session was performed without prior standardized warm-up
to avoid conditioning the tone of muscle activation during the test. They were shown
the procedure of each test and were familiarized with each test for five minutes before
performing the actual measurement and were able to ask the questions they needed. A
total of 3 tests were performed with a total of 14 different balance positions: 4 unipodal
support (single-leg balance, SLB) of 16 s with eyes open (2) and closed (2); 4 tandem balance
test (tandem balance test, TBT) of 16 s, with eyes open (2) and closed (2); and 3 dynamic
balance of 5 s (Y balance test, YBT), in the frontal (2), posteromedial (2), and posterolateral
(2) directions [43]. In the cases of the SLB and TBT, they were always started with the right leg.

The objective of the SLB is to maintain balance with one leg on the reference marks
placed on the platform [34], with the subject immobile with hands on the waist, repeating
the test if there is support from both feet.

In TBT, the load differences in the lower extremities in the standing position were
evaluated [44]. It is performed by touching the toe of the rear foot to the heel of the front
foot and the hands on the waist. If a change in foot landing occurred, the test was repeated.

Finally, the YBT modified the SEBT, which is a valid and reliable tool for assessing
unipodal dynamic balance [45]. Movements were performed in three different directions
(frontal, posteromedial, and posterolateral), maintaining the position for 1 s without losing
support, looking for symmetry on both sides of the body through the distances reached
using the following formula [46]:

YBT = distance in frontal direction + distance in posteromedial direction + distance in posterolateral direction/(leg length x 3) x 10

The execution of each test is illustrated in Figure 2.

Figure 2. Representation of the balance tests used. Note: (Left): Single-leg test; (Center): tandem
balance test; (Right): Y balance test.
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Data from the force platform were collected using the Bioware software (Kistler,
v5.3.0.7, Winterthur, Switzerland) and exported as a .txt extension file, and signal processing
was performed using MATLAB (2024b) (Mathworks Inc., Natick, MA, USA). The signal
was digitally cleaned with a 10-50HZ bandpass filter to collect only the useful signals. The
Root Mean Square (RMS) was then performed, and the data were segmented as follows:
from Test 1 to Test 8 (SLB and TBT test), the first 3 and last 3 s of the 16 total were removed
to avoid peaks at the start setting and fatigue at the end of the test. From records 9 to 14
(YBT), the initial 4 s corresponding to the performance of each movement was used. In all
cases, the force and COP data along the X-, Y-, and Z-axes were collected.

Similarly, with the Kinovea software (no possibility of synchronization with the plat-
form), the variations in the movement of each of the tests were collected with the cameras
in centimeters (1920 x 1080 px minimum resolution). Each video was labeled to distinguish
the number of attempts (from 1 to 14); whether it was a frontal or lateral camera, consider-
ing the joint markers, the cm of deviation in each case were noted to relate them statistically
and establish a correct rating scale in the design of the web application designed ad hoc, as

shown in Figure 3.

cm vagiation from markers (Kinovea)

- =

Balance scale

Force XY Z axes (Kistler)
Force moment X,Y Z axes (Kistler)

COP variation X,Y Z axes (Kistler)

Figure 3. Study workflow. Note: (Left): Performance of the balance tests; (Center-left): registration of
variables; (Center-right): analysis with the Kinovea software; (Right): conversion to the equilibrium
rating scale.

2.4. Web Application Design

A responsive web application (with functionality on mobile devices) was designed
for use by teachers and students of Physical Education in primary education. The name
ascribed to it was the Instrument for the Measurement of Balance in Primary Education
(IMEP). It is hosted in the subdomain imep.giepafs.net/IMEP/, dependent on the main
domain giepafs.net and its access is free.

The programming was performed on a Linux server, CentOS v.7.9.2009 (Core),
in the PHP language (PHP, v8.1.29., Greenland), and MariaDB (MariaDb, v. 10.5.26.,
Tampere, Finland).

It starts with a panel in which one can choose the balancing test to be performed. Once
selected, there is an area in which to enter the user data; a nickname or pseudonym is
preferred for data protection. In each field, the cm of deviation of the test is indicated, and
at the end, a score of between 1 and 10 points is obtained, based on the research carried out
on the forces platform (the value 0 was avoided as it is carried out for educational contexts).
If each participant has several records and returns to the home page, you can see all the
results by choosing the nickname, at which time the attempts and results of all the tests
will be displayed (Figure 4).

39



J. Funct. Morphol. Kinesiol. 2024, 9, 281

‘‘‘‘‘‘

* Please fill in the required fields

Figure 4. Sequence of use of the IMEP web application. Note: (Left): Application input in-
terface; (Center): example of SLB test (two images); (Right): individual results search engine;
* = mandatory answer.

2.5. Statistical Analysis
2.5.1. Descriptive Analysis

The data were described as means and standard deviations, as well as medians
and interquartile ranges for continuous quantitative variables. For qualitative variables,
proportions and 95% confidence intervals were determined.

2.5.2. Logistic Regression Models

To determine the causes of test complexity, YBT score, and changes in balance and
movement, mixed-effects regression models were performed with the packages Ime4 [47]
v.1.1-30 and ImerTest [48] v.3.1-3, according to the protocol of Zuur and Ieno [49]. First, the
error structure of the data was determined by fitting the beyond optimal model, which
included the factors of interest in each case, along with test-related factors (test type, eyes
open or closed, and dominance in the supporting foot), age, sex, and foot number.

Second, the random structure of the model was fitted using the participant ID, and
coefficients were estimated using the REML method. Finally, a simplified optimal model
was reported by estimating the coefficients using the REML method. To interpret the model,
the coefficients and the results of the ANOVA were calculated using the car package [50]
v.3.1.0. For significant categorical factors, post hoc comparisons were performed using the
emmeans package [51] v.1.7.5.

All nested models were compared using the corrected Akaike information criterion
(AICc) calculated using the MuMIn package [52] v.1.46.0. In all cases, the assumptions of
the linear models were checked by visually inspecting the residuals and performing the
Shapiro-Wilk (normality) and Levene (homoscedasticity) tests, as well as with the v.0.10.3
package [53]. The models were fitted with the package Ime4 [47] v.1.1-30.

2.5.3. Calculation of Scales

To obtain a score on a scale of 1 to 10 for each test (SLB, TBT, and YTest), the following
procedure was followed:

2.6. Notation

In the following mathematical demonstration, a test is defined as a set of static or
dynamic balance exercises. Thus, in the present study, there were three tests: SLB, TBT, and
YTest, each of which was composed of four exercises.

2.6.1. Reference Point Motion Calculation

In each exercise of a given test, displacement was measured at three reference points:
the acromion, umbilicus, and trochanter. The Pythagorean theorem was used on the X-
and Y-axes. Subsequently, three displacements were added to obtain the movement of a
given exercise.

motu mbilicus. = \/ despl X*umb. + despl.Y*umb.
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In the case of the YBT, the score is calculated in the usual way:

YBT = distance in frontal direction + distance in posteromedial direction + distance in posterolateral direction/(leg length) x 10

2.6.2. Total Movement and Gross Score Calculation

The movements of each exercise were summed to obtain the total movement of the
test, which was used as a reference for the raw score of the test. Because a higher amount
of movement indicates a lower performance, the value of the total movement is inverted.
To conduct this, the total movement is subtracted from a constant (cte), thus ensuring that
the resulting values are positive. The value of cte is determined for each test by attending
to the range of variation in the amount of total motion.

Raw score = (mvut umb a + mot umb b + mot umb ¢ + mot umb d) + cte

In the case of the YBT, the scores are added together to obtain the raw score. In this
case, a greater movement implies a better performance; so, there is no need to reverse
the value. Since this score has a logarithmic scale, it is transformed, and a constant is
subtracted, cte:

Raw score = log(YBT a+ YBT b+ YBT ¢+ YBT d + YBT e + YBT f — cte)

2.6.3. Adjustment of the Raw Score by Demographic Variables

To adjust the raw scores for demographic variables (sex, foot size, and age), a linear
regression model was fitted to generate a correction factor for each participant. This was
applied to the raw scores, as follows:

Adjusted score = Raw score — 0.5-FC

where FC is the correction factor obtained from the linear regression model. It is multiplied
by 0.5 to smooth its impact on the adjusted score.

2.6.4. Rescaling to the Scale of 1 to 10

The adjusted score was rescaled to a range from 1 to 10 to obtain the final test score.
This rescaling varied according to the test type.

Adjusted score — Adjus'ted score — min (zj{djust'ed score) 9—_1
max(Adjusted score) — min(Adjusted score)

In all analyses, the following was used: « = 0.05.

The analyses were performed using R [54] v.4.2.2. Data tables were read with the
openxlsx package [55] v.4.2.5 (for xlsx files) and /or haven [56] v. (for sav files). The graphics
were constructed with ggplot2 [57] v.3.5.1 ggpubr [58] v.0.4.0, and other functions integrated
in the mentioned packages.

3. Results
3.1. Analysis of the Complexity of Each Test

An equation was designed to determine the complexity of the exercise based on the
beyond optimal model.
Complexity ~ FootSupport + Age + TestType x (Foot_Size + Sex) +
EyesOpen x Foot_Size
(1 11D)

After fitting it to a gamma distribution with logarithmic linkage, the model presents
a good fit of the residuals, complying with linearity, normality, homoscedasticity, and
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absence of outliers. Table 2 shows the six significant effects after the application of a type
III ANOVA.

Table 2. Evaluation of the balance test complexity.

Variable X2 Df p-Valor
(Intercept) 5.402 1 0.02*
Standing foot 0.578 1 0.447
Age 78.617 1 7.5 x 10719 *#+
Type of test 44931 2 1.8 x 10710 %+
Foot size 12.605 1 0.00038 ***
Sex 0.479 1 0.489
Open eyes 4.492 1 0.034 *
Type of test: Foot size 29.247 2 4.5 x 1077 ***
Type of test: Sex 4.6 2 0.1
Foot Size: Open eyes 2.984 1 0.084

Note: * =p <0.05. ** =p < 0.001.

As it can be seen, a greater age, foot size, and performing the test with eyes closed (in
SLB and TBT) significantly conditioned the complexity, increasing the score of this variable
by 1.3 & 0.05 (Figure 5).

Testtype | SLB || 18T | YTest
804
160

complaxity
~
=3
comploxity
=3
o
Complexity
@ <3
2 hd

B0+

404

no yes E 6 7 8 9 ' 300 325 350
Open eyes Age Foot size

Figure 5. Variation in the complexity score as a function of eye opening, age, and standing size.
Note: SLB = Single-leg balance. TBT = Tandem balance test.

3.2. Effect of Leg Length on YBT

In the case of YBT, we used the beyond optimal model to calculate whether the leg
length influenced the results using the following equation:

Complexity ~ FootSupport + Age + TestType x (Foot_Size + Sex) +
EyesOpen * Foot_Size
(111D)

Table 3 shows with a type II ANOVA that the scores are higher for anterior movement,
lower for posterolateral movement, and intermediate for posteromedial movement.

Table 3. Effect of the type of movement performed on YBT.

YBT Emmean (95%) Contrast Estimate t Ratio p Value
Anterior 18.57 + 0.23 [18.11-19.03] Anterior-Posterolateral 227 +0.22 10.45 0.0 ***
Posterolateral 16.3 £ 0.23 [15.84-16.76] Anterior-Posteromedial 1.09 £0.22 5.04 2.2 x 1076 =
Posteromedial 17.47 + 0.23[17.01-17.93] = Posterolateral-Posteromedial —1.18 £ 0.22 —5.41 3.4 x 1077 #*

Note: ** =p <0.001.
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3.3. Relationship Between Equilibrium and COP Modification

In addition, by applying the beyond optimal model, it was determined that the best
structure for equilibrium is:

Balance ~ TestType + FootSupport + Eyes Open + FT + MT + COP_A +
Foot_Size + Sex + FT + MT + COP_A + Sex + FT + MT + COP_A + Sex +
Foot_Size + Sex + Sex +FT + MT + Sex + COP_A + Sex

Age + TestType: SizeFoot + TestType: Sex + EyesOpen:Size_Foot + EyesOpen:Sex + FI:Sex + MT + COP_A:Sex

Age affected balance, with older participants showing a better balance than younger
participants (p < 0.001). The type of test affected the balance according to the foot size. The
greater the number, the greater the static balance with eyes open (SLB and TBT) (p < 0.01)
as well as sex, showing better results in girls in the case of SLB and TLB and neutral in YBT

(Table 4).

Table 4. Balance ratio according to foot size and sex.

Sexo Test Emmean Contrast Estimate t Ratio p Value
Female SLB 158.89 £ 9.55 [141.21-178.78] SLB/TBT 0.78 £0.07 —2.82 0.014 *
Female TBT 202.54 £+ 13.53 [177.65-230.92] SLB/YTest 1.07 £ 0.1 0.77 0.724
Female YTest 147.93 £ 10.09 [129.4-169.11] TBT/YTest 137 £0.14 3.06 0.006 **

Male SLB 118.96 £ 8.65 [103.13-137.21] SLB/TBT 0.91 £ 0.09 —-0.87 0.662

Male TBT 130.04 £ 10 [111.82-151.21] SLB/YTest 0.8 £0.09 -1.99 0.116

Male YTest 148.68 £ 12.21 [126.56-174.68] TBT/YTest 0.87 £0.1 -1.13 0.497

Note: * =p <0.05. * =p < 0.01.
In the case of the center of pressure (COP), the greater the variation, the higher the
girls’ score in equilibrium, whereas the opposite phenomenon occurred in the case of boys,
who improved their score when the COP was reduced (Figure 6).
A 8 V Closed eyes
‘ 250 Opened eyes
300 female
. 200 male
é 200
150
100 100
300 325 350 8 9 10 1 12
Foot size Total COP area (m14)

Figure 6. Variation in the balance score with eyes open or closed (A) and POP by sex (B).

3.4. Relationship Between Complexity and POP Modification

As in the previous case, through the beyond optimal model, it was determined that
the best structure to establish the complexity was:

Complexity ~ TypeTest + FootSupport + Eyes open +FT + MT + COP_A + Foot_Size +
Sex + Age + TestType: FootSize + TestType:Sex + FI:Foot_Size + MT:Sex + CO:A:Sex

Age was a determinant in assessing complexity, increased the older they get (p < 0.001),
TBT, and foot size (p < 0.001), especially in girls (Table 5).
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Table 5. Complexity by gender and type of test.

Sex Test Emmean Contrast Estimate t Ratio p Value
Female SLB 63.56 + 3.07 [57.82-69.88] SLB/TBT 1.07 £ 0.07 1.01 0.570
Female TBT 59.28 + 3.28 [53.18-66.09] SLB/YTest 0.58 £ 0.04 —7.47 8.5 x 10713 #*+
Female YTest 109.76 £ 5.65 [99.21-121.43] TBT/YTest 0.54 £ 0.05 —7.36 1.4 x 10712 #**

Male SLB 55.71 + 3.43 [49.37-62.87] SLB/TBT 1.36 = 0.11 3.74 5.6 x 1074
Male TBT 40.96 £ 2.76 [35.89-46.75] SLB/YTest 0.54 £0.05 -7.07 9.2 x 10712 #*
Male YTest 102.41 + 6.22 [90.9-115.38] TBT/YTest 0.4 +0.04 —9.69 3.2 x 10713 »
Note: ** = p < 0.001.
The application of force is fundamental for describing the complexity related to the
foot size. It decreased with the increase in the force in each axis and with the increase in the
foot size (Table 6).
Table 6. Complexity according to applied force and foot size.
Foot Size TF Emmean Contrast Estimate t Ratio p Value
32 229.1 65.75 + 2.13 [61.69-70.07] TF 229.12 /TF 265.59 1.07 = 0.02 3.41 0.002 **
32 265.6 61.69 + 1.73 [58.4-65.18] TF 229.12/TF 318.31 1.17 £ 0.05 341 0.002 **
32 318.3 56.27 + 2.27 [51.99-60.91] TF 265.59/TF 318.31 1.10 £ 0.03 3.41 0.002 **
33 229.1 74.03 £ 2.47 [69.34-79.03] TF 229.12/TF 265.59 1.05 = 0.02 3.16 0.005 **
33 265.6 70.30 £+ 1.79 [66.88-73.91] TF 229.12/TF 318.31 1.13 £ 0.05 3.16 0.005 **
33 318.3 65.25 + 1.99 [61.46-69.27] TF 265.59/TF 318.31 1.08 £ 0.03 3.16 0.005 **
34 229.1 83.35 &+ 3.21 [77.29-89.89] TF 229.12 /TF 265.59 1.04 = 0.02 2.55 0.030 *
34 265.6 80.12 + 2.30 [75.72-84.77] TF 229.12/TF 318.31 1.10 = 0.04 2.55 0.030 *
34 318.3 75.66 £ 2.05 [71.75-79.79] TF 265.59/TF 318.31 1.06 £ 0.02 2.55 0.030 *
Note: TF = Total force. * = p < 0.05. ** = p < 0.01.
Finally, the COP area is an element that affects the complexity score, with an unequal
relationship between sexes. In boys, the greater the area, the lower the balance score, while
in girls, the complexity was independent of the variation in COP (Figure 7).
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Figure 7. Variation in the complexity score as a function of total strength (A), COP, and sex (B).

3.5. Design of Scoring Scales

After performing the total motion study in the SLB test, the maximum value of motion
recorded was 347.53. With this, it is decided to apply cte = 350 to invert the scale and obtain
the raw score. In the case of the TBT, the maximum value was 288.80 and its value cte = 300.
Finally, in the YBT, a maximum value of 84 was obtained, with a value cte = 80.

Raw score SLB = —(mut exercise a + mut exercise b + mot exercise ¢ + mvt exercise d) + 350
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Sex | |female

Raw score

Y

Adjusted score

Raw score TBT = —(muvt exercise a + mvt exercise b + mvt exercise c + muvt exercise d) + 300
Raw score YIB = log(YBT a+ YBT b + YBT ¢+ YBT d + YBT e + yby f — 80)

The linear model to determine the variation in the raw score from sex, age, and foot
size resulted in the following formulas, from which the correction factor, FC, was obtained:

SLB FC = 1053.32 + 6.03-(Sex == male) — 53.41-Age — 12.46-Fooft size

TBT FC = 1009.87 + 10.96-(Sex == male) — 54.58-Age — 11.90-Foot size
YBT FC = 1.61 + 0.11-(Sex == male) + 0.05-Age — 0.04-Foot size

By applying the correction factor to the raw scores obtained for the population stud-
ied, it was determined that the range of these adjusted scores is, in the case of the SLB,
from —72 to 230; for the TBT, from —54 to 206; and finally, for the YBT, from —175 to 526.
Figure 8 shows the raw score obtained from the total amount of movement and adjusted
and rescaled values on YBT.

male Footsize | | <33  »a33 Age | (<7 | =a7

Raw scorg Raw score

o s X B
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7s 10, o - 25 : 50 75 10 = 75 — ) s 10,
Figure 8. Raw score for the total amount of movement, together with adjusted and rescaled values
for sex (left), foot size (center), and age (right).

4. Discussion

The objective of this study was to design a free application for the assessment of
static and dynamic balance using a force platform for children between 6 and 9 years of
age. The use of mobile applications to monitor fitness indicators has become widespread,
providing immediate information on different variables to users with few instructions,
even in gamified form [59], for various purposes [60].

As indicated by Kabir et al. [61], the current reliability of these applications is very
low, and the accuracy of the data received is essential for their correct interpretation and
subsequent decision-making [62]. It is important that they are intuitive, simple, and allow
quick understanding [63] based on validated instruments to favor the programming of
conditioning work [64].

Balance is fundamental in the perceptual-motor phase, since, in addition to the work
on the vestibular system, it integrates determining social functions in preadolescence.
Moreover, it is part of all general motor patterns of both basic and more sophisticated
techniques, helping the correct location in space in a prominent manner when visual tasks
are added [65]. Therefore, it is important to identify whether there is an adequate level of
development statically or dynamically, and to observe possible anomalies or dysfunctions
in relation to the age of measurement [66], and in this case, the difference in performance
competence can be a useful indicator.

A greater complexity was found in the tests performed with closed eyes (SLB and TBT),
with a greater height and standing height, possibly due to a greater COM height (Table 3).

In the case of YBT, beyond the complexity, joint mobility is relevant. A greater postero-
medial and posterolateral mobility are linked to a greater strength in the lower extremities
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in 7-year-old children [67]. In this study, it was added to this information that the subject
profile with a greater leg length facilitates a better balance in the anterior direction and less
in the posterolateral direction.

In the case of the COP, in girls, a greater variation means a better score in the balance
variable, as opposed to boys, with less fluctuation due to the difference in the base of
support (foot size). Furthermore, it can be affirmed that, in the case of girls, with a lower
application of force, they increase the global complexity by having a greater variability in the
COP, unlike the boys, whose greater total force decreases this variable for the achievement
of balance. Therefore, it can be deduced that a greater movement in girls is the reason for a
higher score, unlike in boys (Figure 7).

In addition to evaluating the level of static or dynamic balance and the degree of complex-
ity, these tests are useful for identifying ankle instability by the level of applied force and the
detection of a lower participation in physical activities, with possible negative consequences
for their health [68]; therefore, they are an excellent reference for Physical Education teachers
in the selection of tasks to be developed. The greater or lesser total strength identified in
relation to the variation in the COP opens a line of preventive work [69] that would allow
correcting the variations that occur, with a greater assistance in the case of girls.

In this line, the observational tool Kinovea, used in similar work with children [70],
captured the interrelation between interaxial forces and postural control, allowing for the
establishment of a scale of easy interpretation after a sequence of four phases: (1) calcu-
lation of movement at reference points, (2) calculation of total movement and raw score,
(3) score adjustment attending to demographics, and (4) rescaling to a scale with a score
from 1 (greatest imbalance) to 10 (greatest balance), with which to differentiate the level
of development by age and sex [71] (unpublished data). These procedures are in line
with other studies that have used conventional cameras for kinematic calculations of bal-
ance [72] and are similar to those proposed in the Berg scale [73], except that these and
other similar designs were intended for special populations without differentiating the
specific characteristics of children [59].

This study has several limitations. It should be noted that the age range was small,
and the measurement of such young people can be complex. The application requires
bridging software to be used to change position (Kinovea, MyLab, or the mobile device’s
measurement level widget). Finally, it is necessary to apply it in school courses to determine
its accessibility and applicability in the educational environment, which would be facilitated
by the conversion of the responsive web application into a native mobile app for the two
most used operating systems. In any case, it allows the measurement of several tests
(dynamic and static) to collect periodic monitoring by keeping data from several dates and
to compare, by age, the perceptual-motor evolution of the children.

5. Conclusions

After this investigation, it can be affirmed that static balance is more complex with a
greater age, greater standing height, and keeping the eyes closed without significant changes.
For dynamic balance, the highest score was associated with anterior mobility and leg length.

With respect to the COP, its variability is greater in girls than in boys, who present less
complexity when maintaining balance due to a greater total force at the time of the test.

Finally, the objectivity of the data collected on the force platform, together with
the observation with Kinovea, allows the elaboration of an easily interpretable scoring
scale, whose environment is an open-access web application (IMEP) to objectify static and
dynamic balance tests.
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Abstract: The aim of this study was to compare swimming speed and speed fluctuations in front
crawl between swimmers of different performance levels using discrete variables against statistical
parametric mapping (SPM). The sample was composed of 34 male swimmers divided into three
groups: (i) group #l—recreational swimmers; (ii) group #2—competitive swimmers aged 12 to
14 years; (iii) group #3—competitive swimmers aged 15 to 17 years. Swimming speed and speed
fluctuations (calculated based on four different conditions) were used as discrete variables. Using
these discrete variables, ANOVA one-way was used to verify differences between groups, and
Bonferroni post-hoc correction for pairwise comparison whenever suitable. SPM (with similar
statistical tests) was used to analyze the swimming speed and fluctuation as a continuous variable.
Overall, both statistical approaches revealed significant differences (p < 0.001) in swimming speed and
speed fluctuations. However, as discrete variables (in four different conditions), the speed fluctuation
was not able to detect significant differences between groups #2 and #3. Conversely, SPM was more
sensitive and did yield significant differences between these two groups. Therefore, researchers and
coaches should be aware that the speed fluctuation as a discrete variable may not identify differences
in swimming speed fluctuations when the average value between groups is marginal. On the other
hand, SPM was more sensitive in analyzing all groups.

Keywords: statistical parametric mapping; continuous analysis; comparison; swimmers; performance

1. Introduction

Swimming is characterized as being a periodic acceleration/deceleration sport [1,2].
Thus, researchers and coaches put a lot of focus on understanding the balance between
thrust (acceleration) and drag (deceleration) [3,4]. From this interaction between thrust and
drag, several fluctuations in swimming speed can be observed [5,6]. These fluctuations
within a swim stroke cycle are usually measured by a discrete variable called the intra-cyclic
variation of the horizontal velocity of the center of mass, which is a feasible way to examine
the swimmers’ overall mechanics [7]. This variable is also called “speed fluctuation”
and can be calculated based on: (i) the coefficient of variation (one standard deviation/
mean X 100)—dv1; (ii) the difference between maximal and minimum instantaneous
swimming speed—dv?2; (iii) the ratio of the mean swimming speed/difference between
the maximal and minimum instantaneous swimming speed—dv3; (iv) the ratio of the
minimum and maximum swimming speeds/intracycle mean swimming speed—dv4 [8].

Both the swimming speed and speed fluctuation (this latter one irrespective of the
way of calculation) are used as discrete variables, i.e., with no time dimension to under-
stand the swimmers’ stroke kinematics [9-11]. In the case of swimming speed, several
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research groups with expertise in swimming use the average swimming speed during the
intermediate section of the swimming pool [9,12,13]. Afterwards, the speed fluctuation
variable (irrespective of the way) is calculated. The literature reports speed fluctuation
as an indicator of swimming efficiency [7,14,15]. Indeed, the overall trend is that smaller
values of speed fluctuation are related to the fastest swimming speeds [16,17]. Because it is
a variable that is simple to calculate and interpret, coaches and practitioners can easily give
insights to their swimmers.

Recently, a study raised the fact that some issues could emerge when using speed fluc-
tuation as the coefficient of variation [18]. Overall, the authors argued that researchers and
coaches should take care when using the coefficient of variation as an indicator of the front
crawl intra-cycle speed fluctuation since it is likely biased by the mean swimming speed.
Moreover, it was suggested that analysis of the swimming speed as a continuous variable
(with a time dimension) and comparing different swimming levels could bring greater
practical relevance. Indeed, it was reported that using continuous analysis procedures
(i.e., with a time dimension), such as statistical parametric mapping (SPM) can give deeper
insights into hypothetical differences in these speed fluctuations [19,20]. This statistical
method exploits the use of random field theory to perform topological inference by directly
mapping the conventional Gaussian distribution onto smooth n-dimensional data [21]. By
using SPM for time series data, the statistical result is still a time series (e.g., a time series of
t-values) and allows for better interpretation of data [22]. SPM application is increasing in
sports sciences, contributing to more detailed movement analyses in biomechanical and per-
formance contexts [23-25]. In the case of swimming, for instance, it was used to investigate
differences between elite and sub-elite adult swimmers in the 100 m breaststroke [20] and
to identify differences within the front-crawl stroke cycle between age-group swimmers of
both sexes [26]. Additionally, we could not find any information about research that used
all these discrete ways of calculating speed fluctuations and comparing the outputs with a
time dimension procedure such as SPM.

Therefore, the aim of this study was to compare swimming speeds in front crawl
between swimmers of different performance levels using discrete variables against SPM.
Based on discrete variables, both the swimming speed and speed fluctuation (calculated
based on four different conditions) were compared. Based on SPM, the swimming speed
was analyzed as a continuous variable, and thus all fluctuations within the stroke cycle
were considered. It was hypothesized that SPM would be more sensitive in detecting
differences in speed fluctuation with the add-on of identifying where in the stroke cycle
such differences would occur.

2. Materials and Methods
2.1. Sample

The sample was composed of 34 male swimmers divided into three groups: #1
—recreational swimmers (N = 14); #2—competitive swimmers aged 12 to 14 years (N = 10);
#3—competitive swimmers aged 15 to 17 years (N = 10). Part of this sample was retrieved
from the study by Morais and co-workers [12]. Their demographics are presented in Table 1.
The oldest group (#1—recreational swimmers) presented the greatest body mass, height,
and arm span, followed by group #3 (competitive aged 15 to 17 years), and group #2
(competitive aged 12 to 14 years), respectively. The performance level (World Aquatic
Points—WAPS) of competitive swimmers was calculated based on the 100 m freestyle
short-course event. They were recruited from a national team that regularly participated in
regional, national, and international competitions. The sample (groups #2 and #3) included
age-group national record holders, age-group national champions, and other swimmers
who enrolled in national talent identification programs (Tier 3 athletes) [27]. They trained
six to nine times a week. At the time of data collection, they were in peak form at the end
of the second macro-cycle. As for the recreational swimmers, these were classified as Tier
#1 athletes [27]. Inclusion criteria were that the swimmers should be front-crawl experts
and have no limitations (e.g., no injuries in the past 6 months) that would prevent them
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from performing at their best. An informed consent was obtained by the coaches and/or
parents and the swimmers themselves to participate in this study. All procedures followed
the Declaration of Helsinki regarding human research. The Polytechnic Ethic Committee
also approved the study design (N. ° 72/2022).

Table 1. Descriptive statistics (mean =+ one standard deviation—SD) of the swimmers’ demographics

by group.
Mean + SD

Group #1 Group #2 Group #3

(N=14) (N =10) (N =10)
Age [years] 20.07 £ 1.93 13.20 £ 0.79 16.39 £ 0.69
Body mass [kg] 73.87 £+ 8.00 57.30 £ 8.20 70.38 £+ 5.97
Height [cm] 179.48 £+ 6.54 169.95 £ 8.78 177.30 £ 5.60
Arm span [cm] 183.86 & 8.06 174.05 £ 10.08 183.60 + 10.01
WAPS [100 m freestyle] - 357.90 + 47.69 578.40 + 57.49

WAPS—World Aquatic Points.

2.2. Swimming Speed and Speed Fluctuation

Swimmers were invited to perform three all-out 25 m trials, with a push-off start,
with a 10-min interval to ensure full recovery. The best trial (i.e., the one with the fastest
swimming speed) was used for analysis. Swimmers were instructed to perform non-
breathing strokes during such a distance to avoid changes in coordination or technique [28].
Three consecutive stroke cycles between the 10th and 20th meters were analyzed. This was
done to avoid any advantage of the wall push-off. The average of the three-stroke cycles
was used for analysis.

The string of a mechanical apparatus (SpeedRT, ApLab, Rome, Italy) was attached
to the swimmers’” waist [29]. The speedometer calculated the displacement and speed of
the swimmers (f = 100 Hz). Afterwards, the speed—time series were imported into signal
processing software (AcqgKnowledge v.3.9.0, Biopac Systems, Santa Barbara, CA, USA).
The signal was handled with a Butterworth 4th order low-pass filter (cut-off: 5 Hz) based
on the analysis of the residual error vs. cut-off frequency output [30]. A video camera
GoPro (Hero 7, San Mateo, CA, USA) filmed the swimmers in the sagittal plane to identify
the hand’s water entry and exit. This was synchronized with the mechanical device. The
beginning and end of each stroke cycle were set by the consecutive entry of the right hand
into the water. A swim stroke cycle is composed of the following phases: (i) entry and
catch; (ii) downsweep; (iii) insweep; (iv) upsweep, and; (v) exit and recovery [31]. The
swimming speed (m/s) was retrieved from the software and the speed fluctuations were
calculated as aforementioned (i.e., dv1, dv2, dv3, and dv4).

2.3. Statistical Analysis

The mean plus one standard deviation (SD) was computed as descriptive statistics.
The ANOVA one-way was used to measure differences between groups («x = 0.05). The
effect size index (eta square—n?) was computed and interpreted as: without effect if
0 <n? < 0.04; minimum if 0.04 < n? < 0.25; moderate if 0.25 < n? < 0.64; strong if
n? > 0.64 [32]. The Bonferroni post-hoc correction was used to verify pairwise differ-
ences (p < 0.017). Cohen’s d estimated the standardized effect sizes and deemed as: trivial if
0 <d <0.20; small if 0.20 < d < 0.60; moderate if 0.60 < d < 1.20; large if 1.20 < d < 2.00;
very large if 2.00 < d < 4.00; nearly distinct if d > 4.00 [33].

SPM ANOVA one-way was used to verify the differences between groups (« = 0.05) [21].
SPM Bonferroni post-hoc correction was used to verify differences between pairwise
(p < 0.017). Before such analysis, each stroke cycle was normalized to its duration on R soft-
ware (version 2024.04.02). The normalization procedure implies creating a near-identical
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copy of each signal segment that is resampled to a normalized length of 100% [34]. In
this case, all swim stroke cycles were stretched /compressed to the same length. Conse-
quently, each normalized curve consisted of 101 points, irrespective of how many points
each original curve contained. This is a procedure commonly used in human gait that
allows comparison across different gait cycles, subjects, and conditions due to the inherent
variability in human gait [35]. The same rationale is applied to swimming. By normalizing
the stroke cycles, coaches can identify differences within the swim stroke. SPM analyses
were implemented using the open source spm1ld code on Matlab (v.M0.1, www.spm1d.org).

3. Results

Table 2 presents the descriptive data related to swimming speed and speed fluctuation
by group. Swimmers in group #3 were the fastest, in group #2 the second fastest, and in
group #1 the slowest. As for speed fluctuation, this was greater in group #1, followed by
group #3, and group #2, respectively (all conditions). Regarding the swimming speed,
the ANOVA one-way yielded significant differences between groups (F = 75.01, p < 0.001,
n? = 0.83). Bonferroni post-hoc correction revealed significant differences between group #1
and groups #2 (p < 0.001, d = 3.60) and #3 (p < 0.001, d = 4.38), but not between group #2 and
#3 (Table 2). As for speed fluctuation (all conditions), these presented similar findings. That
is, significant differences between groups were noted (p < 0.001) (Table 2). The pairwise
comparison also revealed significant differences between group #1 and groups #2 and #3,
but not between groups #2 and #3 (Table 1).

Table 2. Descriptive statistics (mean + one standard deviation—SD) of the participants’ swimming
speed and speed fluctuation (dv) as being the coefficient of variation (CV). The one-way ANOVA and
pairwise comparison is also presented.

Mean + SD ANOVA One-Way Post-Hoc Comparison
Group #2 Group #3 F-Ratio (p) n? #1 vs. #2 #1 vs. #3 #2 vs. #3
Speed [m/s] *° 1564003 167+006 256?0101) 0.83 P d<:Oé,(.)$; P ;ffgsl; -
dv1 [%] 2P 733211 70137 386%401) 0.85 P d<=0f§71; P d<=0f§71" -
dv2 [m/s] 0394011 045006 546%0201) 0.78 P d<=0£$" P d<=0é(.)§3; -
dv3 [a.u] 4254134 3794053 ig(ngl) 0.76 P d<:Oé,(.)(())§; P d<=01.3(,)9051; -
dv4 [a.u.] 050+£004 0454002 i76%(§)01) 0.53 P ;ffgll; P dzzoiégg;

dvl—speed fluctuation based on the coefficient of variation; dv2—speed fluctuation based on the difference
between maximal and minimum instantaneous speed; dv3—speed fluctuation based on the ratio of the mean
speed /difference between the maximal and minimum instantaneous speed; dv4—speed fluctuation based on
the ratio of the minimum and maximum speeds/intracycle mean speed; n>—effect size index; a—significant
differences (p < 0.001) between group #1 and #2; b—significant differences (p < 0.001) between group #1 and #3;
d—Cohen’s d (effect size index).

Figure 1 depicts the swimming speed curve differences by SPM (Panel A). There was
a significant difference (F = 12.016, p < 0.001) between the three groups mainly over the
entire stroke cycle. SPM post-hoc comparison between group #1 and #2 (Panel B) revealed
significant differences mainly over the entire stroke cycle. Non-significant differences were
only noted between ~16% and ~29% (end of the downsweep and insweep of the right
hand), and between ~68% and ~82% (end of the downsweep and beginning of the upsweep
of the left hand). The comparison between the group #1 and #3 trend (Panel C) was similar
(i.e., differences over the entire stroke cycle), except between ~73% and ~80% (insweep and
beginning of the upsweep of the left hand). Contrary to what was observed with the dv
as a discrete variable, the post-hoc correction through SPM was able to detect significant
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differences between group #2 and #3 (Panel D). These were noted between ~17% and ~27%
(end of the downsweep phase and insweep of the right hand), and between ~44% and
~51% (end of the downsweep phase of the right hand).

(A)

a =0.05, F*=12.016

p<0.001
p<0.001

40 60 80 100
Stroke cycle [%]

(8) @ (D)

- 20 Group #1 vs Group #2 20 Group #1 vs Group #3 - Group #2 vs Group #3
- - g
L TYS e e e e s e e S st et -
= O - -] =
5 & &

—20 -20 @

20 40 60 80 100 0 20 40 60 80 100
Stroke cycle [%] Stroke cycle [%] Stroke cycle [%]

Figure 1. (A) ANOVA one-way of swimming speed by SPM between the three groups, and the
corresponding post-hoc analysis (B)—group #1 vs. #2; (C)—group #1 vs. #3; (D)—group #2 vs. #3).
{F}—variance statistic for statistical parametric mapping. SPM {t}—post-hoc statistic for statistical
parametric mapping. Grey areas indicate significant differences. In panels (B-D) these areas corre-
spond to p < 0.017. The dotted black line indicates the null hypothesis. Dash red lines represent the
95% confidence intervals (95 CI).

4. Discussion

The aim of this study was to compare swimming speeds in front crawl between swim-
mers of different performance levels using discrete variables against SPM. The main find-
ings indicate that, by analyzing discrete variables, i.e., average swimming speed and speed
fluctuation (calculated based on four different conditions), significant differences between
groups were noted (Table 2). However, post-hoc comparisons indicated a non-significant
difference between groups #2 and #3 (similar values of speed fluctuation considering the
four conditions of calculation) (Table 2). SPM was revealed to be a more sensitive analysis
of the speed—time curve as a continuous time-series. Contrary to discrete variables analysis,
SPM detected significant differences between groups #2 and #3 in the post-hoc correction
(Figure 1, Panel D).

Speed fluctuation (calculated based on the aforementioned four different conditions,
but particularly based on the coefficient of variation) has been considered a good proxy
of the intra-cyclic variation of the horizontal speed of the center of mass within a stroke
cycle, and thus a mechanical efficiency indicator [7]. Among the swimming community,
this is deemed to be a feasible and straightforward procedure to analyze the swimmers’
overall stroke kinematics. Moreover, several practical advantages for researchers and
coaches can be listed: (i) identification of key moments in different phases of the cycle;
collection of relevant details; (ii) easily interpretable data for coaches and practitioners,
and; (iii) a straightforward way of setting the swimmer’s competitive level [7]. At least in
front crawl, it was shown that the fastest or most highly skilled swimmers have smaller
speed fluctuations (particularly calculated as the coefficient of variation and reporting
to the average of the stroke cycle) than their slower or less skilled counterparts [9,10,16].
It must be mentioned that such smaller speed fluctuations might not be significant [9].
Nonetheless, this confirms that speed fluctuation can be useful in discriminating against
the best or poorest swimmers and delivering important insights to coaches.

Notwithstanding, and as mentioned previously, concerns were raised about the use
of speed fluctuation (calculated as being the coefficient of variation) because this reports
the average of what happens within the stroke cycle [18]. Indeed, authors who aimed to
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compare the swimming speed and speed fluctuation in front crawl between competitive
swimmers of different age-groups reported contradictory findings [12]. Even though
significant differences were noted in swimming speed between groups, speed fluctuation
revealed non-significant differences. Conversely, the same comparison selecting SPM
did yield significant differences in the speed fluctuation at a given moment of the stroke
cycle [12]. Thus, it seems that whenever marginal differences are noted by the speed
fluctuation (in such cases as being the coefficient of variation), classical statistics using
discrete values are not sensitive enough to identify hypothetical differences. On the other
hand, in the present study, classical statistics detected significant differences between
groups (ANOVA) by both the swimming speed and speed fluctuation. One can speculate
that this occurred because performance-level group #1 presented both a substantially
slower swimming speed and larger speed fluctuation. But pairwise comparison revealed
only significant differences between group #1 and groups #2 and #3. Once again, classical
statistics did not detect significant differences between the fastest groups (#2 and #3) in
swimming speed and speed fluctuation.

In another study that compared swimmers of different performance levels, the au-
thors noted that the poorest performance level group was significantly slower than the
intermediate and fastest groups (the intermediate and fastest groups were not significantly
different) [10]. However, regarding speed fluctuation, this was only significantly different
between the slowest and intermediate groups with the fastest group (the slowest and
intermediate groups were not significantly different) [10]. This shows that there are studies
where significant differences in swimming speed were noted, but this did not happen in
speed fluctuation [9,36]. This allows us to indicate that the fastest swimmers may present
smaller speed fluctuations than their slower counterparts, but a cause—effect phenomenon
may not happen (i.e., small speed fluctuation leads to the fastest swimming speeds). It
argued that despite speed fluctuation being a gross propulsive efficiency proxy (for the
same hydrodynamic drag condition), swimmers can adopt different mechanical strategies
that will affect such gross swimming efficiency [37]. Aiming to better understand this
swimming speed-speed fluctuation relationship, Pinto et al. [38] measured these variables
in a stroke-by-stroke analysis. These authors noted that non-significant relationships were
verified between the swimming speed and speed fluctuations. Moreover, this relationship
(despite being non-significant) was not always inverse, i.e., small speed fluctuations did not
always lead to the fastest swimming speeds [38]. This highlights the rationale indicating
that this variable may not be a cause of a given behavior, but a consequence [37].

Notwithstanding, SPM being, a continuous time-series analysis, was more sensitive
to the speed fluctuations enabling the detection of differences within the stroke cycle and
pinpointing where these happened. Therefore, one can suggest that for those who aim to
identify differences in speed fluctuations (where the average values are close), a continuous
time-series analysis seems to be the best approach at least in comparison to classical statistics
that use discrete variables. Researchers aimed to compare swimming speed and speed
fluctuations at different competitive levels of young swimmers of both sexes as a discrete
variable and based on SPM [26]. The main outcomes were that, overall, non-significant
differences were noted between performance levels in boys, and between boys and girls of
the same performance level. Significant differences were noted in girls between the two
fastest performance levels and the slowest one. Which, curiously, was where the greatest
absolute difference was noted [26]. Data from the present study revealed a similar trend
where differences in the speed fluctuation between the two competitive groups (fastest ones)
were only noted through SPM. Once again, classical statistics were able to detect differences
between group #1 (recreational swimmers with the poorest performances) and the two
remaining groups (competitive swimmers with the best performances). This indicates
that the speed fluctuation, irrespective of the way of calculation, can only be compared
based on discrete values (through classical statistics) when the groups do not present
very close or similar values. For instance, in a study by Lopes and co-workers [39], the
authors aimed to detect differences between two sections of the swimming pool (10-15 m vs.
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15-20 m) in a set of variables related to stroke kinematics including the speed fluctuation
(calculated as being the coefficient of variation). They noted significant differences in the
speed fluctuation between sections (10-15 m: speed fluctuation = 33.82 + 15.22%; 15-20 m:
speed fluctuation = 25.59 £ 13.15%; p = 0.005; d = 0.58). Referring again to the study of
Figueiredo et al. [10] it was noted that significant differences were only verified between
groups that had the greatest difference. Once again, it was not possible to detect differences
between groups that had close values of speed fluctuation through discrete variables. These
findings corroborate our previous statement, where differences in speed fluctuation (based
on discrete values) can only be detected when the average values are not close or similar.
Otherwise, when the discrete values are close or similar, the continuous analysis approach
(such as SPM) seems to be the most appropriate way of detecting hypothetical differences
as shown in other studies [12].

In summary, continuous speed-time analysis by SPM analysis revealed itself to be
more sensitive than the speed fluctuation (calculated based on four different conditions)
when examining speed fluctuations. This procedure also has the advantage of identifying
where within the stroke cycle such differences occur. At least in competitive swimming,
the speed fluctuation as a discrete variable was not able to detect differences between
performance groups where the average value was similar. Researchers and coaches should
be aware that when the speed fluctuation values are similar between different groups, skill
levels or tiers, it may not be possible to detect differences based on discrete variables. As
a main limitation, it can be considered the sample size. An a priori power analysis was
performed using G*Power [40]. A total of 66 participants were required to detect a large
effect size (f> = 0.40) with 80% power (o= 0.05) for an “ANOVA: Fixed effects, omnibus,
one-way” statistical test. Therefore, researchers could aim to better understand this speed
fluctuation phenomenon in different competitive levels and female swimmers as it is of
paramount importance for coaches and practitioners. It is also suggested that larger sample
sizes be used to understand if the outcomes are like those presented in this study.

5. Conclusions

Swimming speed and speed fluctuation (calculated based on four different conditions),
as discrete variables, revealed an overall significant difference between groups. However,
pairwise comparison did not identify significant differences between the two fastest groups.
Conversely, SPM (a continuous time-series procedure, i.e., with a time dimension) did
identify significant differences between such groups. This indicates that SPM is a more
sensitive approach to the analysis of swimming speed fluctuations, particularly when the
differences between these are marginal.
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Abstract: Determining the reference base of anthropometric parameters on a sample of elite athletes
is one of the foundations of further research and forming a clearer picture of each sport and sports
discipline. In this study, the aim was to describe the anthropometric and somatotype profiles
of elite Finn class sailors and to determine the differences in the measured parameters between
sailors at different levels of general competitive success. The subject sample included 57 Finn
class sailors who competed at the open Finn European Championship. A set of 25 anthropometric
variables were applied. The sailors were divided into three groups according to their level of general
competitive success using World Sailing Rankings. Finn sailors had higher average values in almost
all morphological characteristics when compared to the sailors in other Olympic classes. Considering
the average values of somatotype categories, we determined that Finn sailors fit the endomorphic
mesomorph somatotype category (3.94 + 1.19 — 5.50 £ 1.19 — 1.63 £ 0.74). Significant differences
were observed between more-successful, medium, and less-successful sailors in the variables of age,
body mass, muscle mass, arm muscle mass, and endomorphy rating. These results indicate the possibility
of selection processes and/or adaptation to sailing occurring in the Finn class. The anthropometric
characteristics of Finn sailors compared to sailors in Olympic classes further “support” the Finn class
being called the “heavy dinghy” male class. This study on anthropometric parameters, determined
via a sample of top Finn sailors, may be of great help to coaches and young sailors when deciding on
the selection of an adult sailing class.

Keywords: dinghy sailing; elite athletes; Finn class; fitness testing; morphological characteristics;
Olympic sailing; sailing; somatotype

1. Introduction

Determining the reference base of anthropometric parameters on a sample of elite
athletes is one of the foundations of further research and forming a clearer picture of
each sport and sports discipline. Somatotype, the quantification of the present shape and
composition of the human body calculated from the values of anthropometric parameters,
provides an additional dimension that is useful in understanding and interpreting the
anthropometric profile of elite athletes. It is expressed as representing relative fatness as
an endomorphy rating, musculoskeletal robustness as a mesomorphy rating, and relative
linearity of a physique as an ectomorphy rating [1]. Relations of amount and relations of
muscle and fat mass according to a somatotype rating report a high positive correlation
between endomorphy and percentage of body fat, a low positive correlation between
mesomorphy and fat free weight, and a low know negative correlation between ectomorphy
and percentage of body fat and fat-free weight [2,3].

Reference bases should be up to date as anthropometric characteristics are constantly
evolving as a response to changes in the sporting and external environment [4]. Reference
bases for anthropometric parameters and the somatotype on a sample of elite athletes have
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been determined for numerous sports [5-10], as well as the impact of some anthropometric
characteristic [5,8,11-15] and somatotype ratings on competitive success [7,8,12,14,16].
Higher lean mass does appear to benefit sprint athletes [5] and sprint cross-country
skiers [13], lower values of body mass index and percentage of body fat benefit elite
mountain bikers [8], and the performance of the sailors in the Laser class, among other
parameters, are determined by height and sitting height [11]. Results from somatotype
rating research present significantly lower values for the endomorphic component in
more-successful mountain bikers [8] and windsurfers [12].

Sailing is a sport in which athletes have the opportunity to compete in many sailing
classes. The most competitive, i.e., the most “sportlike”, sailing classes are those included in
the Olympic program, the so-called Olympic classes. The Finn class was the longest-serving
Olympic class as it had been included in the Olympic program from 1952 to Tokyo 2020,
and the adjective accompanying its name (heavy-weight dinghy) suggests that it is a class
intended for the “biggest” of sailors.

The selection of a sailing class that allows a sailor to use his or her potential to the fullest
is one of the most important steps in every sailor’s sports career. One of the criteria for the
selection of a sailing class is the compatibility of the anthropometric profile of the sailor with
the technical specifications and other specificities of sailing in each sailing class. Coaches
and athletes are familiar with some anthropometric parameters from their experience and
mutual exchange of data; however, scientific studies with standardized measurements
and valid data are substantially lacking. There are papers which do not even focus their
research on anthropometric parameters but still offer useful data on the anthropometric
parameters of stature and body mass for sailors in some sailing classes [17-26]; however,
more detailed studies, including a greater number of anthropometric parameters and (or)
somatotype, are considerably less common.

This study aimed to describe the anthropometric and somatotype profile of elite former
Olympic Finn class sailors and to determine the differences in the measured parameters
between sailors at different levels of general competitive success.

2. Materials and Methods
2.1. Participants

The subject sample included 57 elite Olympic Finn class sailors who competed at the
Open Finn European Championship (FEC), held 9-17 May 2015, in Split, Croatia. The FEC
is an open type of competition; thus, apart from the European sailors, it also included the
best-ranked world sailors, among which were Olympic, world, and continental medal-
winners. The competition included 70 sailors; therefore, the 57 sailors who participated in
the study represent 81% of the total number of participants in the competition.

All sailors participated in the study voluntarily. The study was approved by the Scien-
tific Committee of the Faculty of Kinesiology in Split, was conducted with the support of
the Executive Committee of the International Finn Association, and met the requirements of
the Declaration of Helsinki (1964) and the ethical standards in sports and exercise research.

2.2. Measures

A set of anthropometric variables measured by anthropometric measuring tools was
applied—stature, sitting height, biepicondylar humerus width, biepicondylar femur width,
upper arm girth (flexed and tensed), calf girth, triceps skinfold, subscapular skinfold,
supraspinale skinfold, and medial calf skinfold—from which we subsequently calculated
body mass index, sum of skinfolds, and somatotype following the Heat—Carter method [1].
Cut-off values for the endomorphy rating were set from 0.5 to 16, for the mesomorphy
rating from 0.5 to 12, and for the ectomorphy rating from 0.5 to 9 [27].

All measurements were conducted following the International Society for the Ad-
vancement of Kinanthropometry (ISAK) protocol [28] on the dominant side of the body,
as suggested in the original instructions for using the Heath—Carter method for somato-
type calculation [1]. Moreover, the subjects were measured by using the Tanita BC-418
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(Tanita Corp., Tokyo, Japan) device, which uses a constant current source with a high
frequency current (50 kHz, 90 nA), following the recommendations given by Kyle et al. [29].
The method of bioelectric impedance was used to determine the results of the following
morphological measures: body mass, fat range, muscle mass, trunk muscle mass, arms muscle
mass, legs muscle mass, fat mass, trunk fat mass, arms fat mass, and legs fat mass. The subjects
took the BIA measurement barefoot and only in dry underwear. All jewelry, watches, or
any other pieces of clothing were taken off. The GMON software was used to conduct
measurements where the “body type” value was set for all subjects to “sports mode” and
the “clothing weight” value was set to 0.0 kg.

Considering that sailing experience can be an important factor of success in sailing,
in addition to the previously mentioned sets of variables, we also applied the age variable.

2.3. Procedures

This study was designed as a single cross-sectional study.

The same morphologically expert measurer conducted all the measurements in the
week before the competition in the morning hours before the first training session. Every
measurement per sailor was conducted in a maximum time of 30 min.

The sailors were divided into three groups according to their level of general com-
petitive success: more successful (1), medium (2), and less successful (3). We determined
the general success criterion via their ranking in the World Sailing Rankings (WSR). The
WHSR is formed by collecting the points from the six most successful competitions for each
sailor in the 12 months from the publishing of the table. For this study, the WSR table for
the Finn class published on 27 April 2015—the last one before the FEC started—was used.
The group of sailors with a higher level of general success (1) included the subjects ranked
among the first 20 sailors according to the WSR; the group of sailors with a medium level
of general success (2) included the subjects ranked from the 20th to the 40th place of the
WSR; and the group of sailors with a lower level of general success (3) included the subjects
ranked lower than the 41st place of the WSR.

2.4. Statistical Analysis

Methods of data analysis included the calculation of basic statistical indicators—mean,
standard deviation, minimum result, maximum result—and the determination of the mea-
sures of sensitivity of result distribution: skewness, kurtosis, maximum distance between
relative cumulative theoretical frequency (normal), and relative cumulative empirical fre-
quency (obtained by measuring). The results of the Kolmogorov-Smirnov test of the
observed variables indicate that neither of the variables exceeds the cut-off value of the
Kolmogorov-Smirnov test, which is 0.18 for the observed sample. These findings indicate
that the variables do not deviate significantly from the normal distribution, and all variables
are suitable for further parametric statistical analysis. The differences between groups of
sailors were determined via one-way analysis of variance (ANOVA). Further, post hoc
analyses of differences between the groups of Finn sailors were made using Fisher’s LSD
test. To determine effect size of the differences found, squared eta (n?) coefficients were
calculated and interpreted according to the criterion of Gamst et al. (2008) [30].

Data analysis was performed by using the STATISTICA software package (ver. 14.00).

3. Results

Table 1 presents descriptive indicators of all the measured variables: arithmetic mean,
standard deviation, median, and minimum and maximum result. We conducted the
analysis of sensitivity based on coefficients of asymmetry and peakedness of distribution,
whereas we used the Kolmogorov-Smirnov test to test the normality of distribution.

Coefficients of asymmetry for the variables legs fat mass, subscapular skinfold, and medial
calf skinfold indicate a slightly positive asymmetry, whereas the calf girth variable has a
slight negative skew. Coefficients of peakedness indicate a somewhat lower sensitivity of
the legs fat mass and calf girth variables.
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Table 1. Descriptive statistics of anthropometric and somatotype variables of Finn sailors (N = 57).

Variables Mean + SD M Min Max Skew Kurt MaxD
Age (yrs) 25.54 + 4.64 24.96 17.95 41.07 0.90 1.04 0.08
Stature (m) 1.88 £ 0.05 1.87 1.76 2.00 0.35 0.21 0.09
Sitting height (m) 0.98 + 0.03 0.98 0.89 1.05 —0.53 0.98 0.07
Body mass (kg) 95.17 +5.03 95.40 76.30 106.80 —0.85 3.00 0.10
Body mass index (kg/m?) 27.07 £ 1.76 27.13 23.17 31.71 0.09 0.13 0.06
Fat range (%) 14.29 £ 3.60 14.20 6.50 20.90 —0.26 —0.56 0.09
Muscle mass (kg) 77.73 £ 424 77.90 64.10 90.60 —0.07 1.93 0.07
Trunk muscle mass (kg) 41.67 £2.81 41.30 34.00 49.60 0.37 0.83 0.11
Arms muscle mass (kg) 10.14 £ 0.72 10.20 8.50 11.50 —0.10 —0.42 0.07
Legs muscle mass (kg) 2591 +1.34 25.80 21.50 30.10 —-0.12 2.33 0.09
Fat mass (kg) 13.62 £ 3.72 13.60 5.70 21.30 —0.09 —0.52 0.06
Trunk fat mass (kg) 7.40 +2.53 7.50 1.70 11.90 —0.29 —0.50 0.08
Arms fat mass (kg) 1.51 +0.39 1.40 0.80 2.80 0.74 1.54 0.12
Legs fat mass (kg) 479 £1.22 4.70 2.60 10.20 1.40 5.61 0.09
Biepicondilar humerus width (cm) 7.22 +0.40 7.15 6.35 8.15 0.12 —-0.37 0.08
Biepicondilar femur width (cm) 9.92 + 0.57 9.90 8.75 11.40 0.52 0.49 0.08
Upper arm girth flexed and tensed (cm) 38.53 £2.13 38.70 32.05 42.85 —0.54 0.37 0.07
Calf girth (cm) 41.06 £ 3.32 41.55 28.20 46.35 —1.62 3.94 0.12
Sum of skinfolds (mm) 57.41 £19.14 54.65 24.40 109.75 0.75 0.43 0.10
Triceps skinfold (mm) 12.38 +£3.92 12.10 5.80 24.05 0.76 1.00 0.10
Subscapular skinfold (mm) 16.58 £ 5.83 15.00 9.20 36.20 1.28 1.62 0.12
Supraspinale skinfold (mm) 16.03 + 8.88 13.70 5.00 42.20 0.93 0.34 0.13
Medial calf skinfold (mm) 1242 +5.74 11.30 4.40 31.30 1.14 1.25 0.13
Endomorphy rating 394 +1.19 391 1.67 6.73 0.26 —0.51 0.07
Mesomorphy rating 550 £1.19 5.54 2.10 7.87 —0.42 0.21 0.06
Ectomorphy rating 1.63 £0.74 1.52 0.43 3.66 0.79 0.29 0.10
Notes: SD—standard deviation; M—median; Min—minimum result; Max—maximum result; Skew—skewness;
Kurt—kurtosis; MaxD—maximum distance between relative cumulative theoretical frequency (normal) and
relative cumulative empirical frequency obtained by measuring. The limit value of the KS test for N = 57 is 0.18.
Table 2 presents the descriptive parameters (arithmetic means and standard deviations)
results of the univariate analysis of differences (ANOVA) (coefficient of analysis of variance
and significance of differences) and the results of the post hoc analysis of differences
conducted via the Fisher’s LSD test (significance of differences).
Table 2. Analysis of variance (ANOVA) and post hoc analysis between groups of Finn sailors
according to their different levels of general success.
LEVEL OF SUCCESS ANOVA Post-hoc LSD Test
(between Groups)
Variables Higher Medium Lower s
(N=13) (N=13) (N =31) F o p= P-
Mean + SD Mean + SD Mean + SD 1-2 1-3 2-3
Age (yrs) 28.74 + 5.30 27.48 +4.39 23.38 +3.21 10.07  0.000 0.43 0.000  0.003
Stature (m) 1.89 £+ 0.04 1.88 £+ 0.05 1.87 £ 0.06 0.53 0.59 0.63 0.31 0.66
Sitting height (m) 0.99 + 0.03 0.98 + 0.02 0.98 £ 0.03 0.49 0.61 0.78 0.36 0.55
Body mass (kg) 96.73 + 3.86 97.49 +2.41 93.54 +5.73 4.02 0.02 0.69 0.049 0.02
Body mass index (kg/m?) 27.18 £ 1.62 27.67 £1.17  26.77 £1.99 1.23 0.30 0.48 0.49 0.13
Fat range (%) 13.85 + 3.04 15.48 +2.54 13.98 +4.15 0.91 0.41 0.26 0.91 0.22
Muscle mass (kg) 79.43 £2091 78.59 +2.83 76.65 + 4.92 2.44 0.10 0.61 0.047 0.16
Trunk muscle mass (kg) 4276 +£2.28  42.05+190  41.05+3.20 191 0.16 0.52 0.07 0.28
Arms muscle mass (kg) 10.35 £ 0.63 1043 £ 0.74 9.94 +0.70 2.98 0.06 0.76 0.08 0.04
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Table 2. Cont.

Post-hoc LSD Test

LEVEL OF SUCCESS ANOVA
(between Groups)
Variables Higher Medium Lower .
(N = 13) (N = 13) (N =31) F p= P=

Mean + SD Mean £+ SD Mean £+ SD 1-2 1-3 2-3
Legs muscle mass (kg) 2632+1.06 2611+098 2566+154 132 028 068 014 031
Fat mass (kg) 1347 £328  1511+252 13.06+420 142 025 026 074  0.09
Trunk fat mass (kg) 728+241  833+190  7.08+276 117 032 029 080 0.3
Arms fat mass (kg) 1524043 1584022  147+044 036 070 066 075 040
Legs fat mass (kg) 4724066 5224068  463+152 110 034 029 084 015
Biepicondilar humerus 7284029 7124029 7234047 052 060 033 073 042
width (cm)
Biepicondilar femur width (cm) 972+043  10.00+044  998+066 111 034 022 017 093
Upperarm girth flexed and 3844+ 165 3896+1.63 3839+249 033 072 054 094 042
tensed (cm)
Calf girth (cm) 4093 +376 4060 +4.14 41314+28 021 081 081 074 053
Sum of skinfolds (mm) 5125+2145 63.13+1574 5761+1923 127 029 012 032 038
Triceps skinfold (mm) 1039 £3.02 13304261 1283+447 234 011 0058 0059 071
Subscapular skinfold (mm) 14.79 £ 5.14 17.73 + 4.80 16.85 + 6.45 0.90 0.41 0.20 0.29 0.65
Supraspinale skinfold (mm) 1416 +867 1975+98 1526+839 157 022 011 071 0.3
Medial calf skinfold (mm) 1190 +£822  1235+413  1267+£525 008 092 08 070 087
Endomorphy rating 346+122  440+104  394+119 209 013 0046 022 024
Mesomorphy rating 528+106  543+138  562+119 039 068 075 040  0.64
Ectomorphy rating 1614069  142+059  1.73+082 083 044 050 064 021

Notes: SD—standard deviation; F—analysis of variance coefficient; p = —level of statistical significance; p = *—
level of statistical significance of Fisher LSD post hoc test between groups of Finn sailors according to their
different levels of general success (1—higher; 2—medium; 3—lower).

By applying univariate analysis of differences, significant differences were found in
the results of the arithmetic means for the variables age and body mass between the groups
of elite sailors according to the general competitive success criterion.

Through post hoc analysis of differences, significant differences were found between
groups of sailors at different levels of general competitive success for the variables age
(higher vs. lower; medium vs. lower), body mass (higher vs. lower; medium vs. lower),
muscle mass (higher vs. lower), arms muscle mass (medium vs. lower), and endomorphy rating
(higher vs. medium).

The effect size [30] of these differences was high for the variable age, moderate for
the variable body mass, and low for the other variables (muscle mass, arms muscle mass, and
endomorphy rating).

Table 3 presents the classification of elite Finn sailors according to the somatotype
category. The frequency and percentage of each somatotype category was calculated for
the total sample.

Table 3. Frequency and ratio of somatotype categories of Finn sailors (N = 57).

Somatotype Categories Frequency Ratio (%)
Central 2 3.51
Balanced endomorph 1 1.75
Mesomorphic endomorph 2 3.51
Mesomorph—endomorph 6 10.53
Endomorphic mesomorph 39 68.42
Balanced mesomorph 5 8.77
Ectomorphic mesomorph 2 3.51
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The analysis in Table 3 shows that out of the 13 possible somatotype categories,
elite Finn sailors fit 7 categories. Just over 80% of the total sample of elite sailors fit the
somatotype categories with the dominant mesomorphic component, 68.42% of which fit the
endomorphic mesomorph category.

Figure 1 is graphic representation of the somatotype ratings of Finn class sailors
divided into three groups according to their level of general competitive success: higher
level (square), medium level (thomb), and lower level (triangle).

MESOMORPHY

,.--” —@—Higher (N=13)

—o—Medium (N=13)

—a—Lower (N=31)

ENDOMORP— | EcrOMORPHY

Figure 1. Somatochart.

4. Discussion

There are several major findings from this study: (a) anthropometric profiles of elite
Finn class sailors have been determined; (b) somatotype profiles of elite Finn class sailors
have been determined; and (c) significant differences between more-successful, medium,
and less-successful sailors in some anthropometric parameters have been found. These
findings require a more precise and detailed interpretation and will be further presented.

4.1. Finn Sailors Anthropometric Parameters Comparison to Previous Findings

The lack of scientific literature on a sample of elite Finn class sailors limits the possibil-
ity of quality comparison of the sample observed in this study to those of other authors.
Furthermore, there are other problems: the research includes small subject samples, rang-
ing from three to eight sailors [18,22,23,31,32], a small number of analyzed morphological
characteristics [18,22-25,32], and a period in which the sailors were measured. Finn sailors
in the available scientific literature were measured between 1995 and 2018, which would
not be a problem if two new rules had not been adopted in this period that could affect
sailors’ morphological characteristics. The first rule was adopted in 1995 and it refers to
prohibiting the use of the “weight jacket”; the second rule was adopted in 2000 and it refers
to permitting pumping when sailing downwind.

Average body mass values in the observed sample of Finn sailors are =1 kg compared
to the body mass values recorded in other studies [22,24,32].

Finn sailors were from 8.6 kg to 7.4 kg lighter [18,23] before 1995, when the “weight
jackets” were banned from sailing. By using the “weight jacket”, a sailor could add
weight to achieve better momentum in straightening the boat when sailing upwind, which
ultimately allowed for greater speed in strong-wind conditions. On the other hand, in
low-wind conditions, a sailor with lower body mass and without the “weight jacket” might
be more agile and mobile when sailing and maneuvering. Furthermore, the positive impact
of the reduced overall weight of the sailboat on the reduction in hydrodynamic resistance
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at lower speeds is also not negligible. Depending on the speed of the wind and the sailor’s
body mass, the “weight jacket” mass could range from 0.5 kg to 10 kg.

Pezelj et al. [15] also recorded lower body mass values. In their study, the body mass of
U23 Finn sailors whose average age was 20.8 & 1.27 years was 92.07 & 5.66 kg. We may also
interpret this difference in body mass by the fact that the subjects in the study conducted
by Pezelj et al. [15] were, on average, 5 years younger than the observed sample and have
not yet reached the “optimum” body mass for sailing in the Finn class.

Maiseti et al. [24] and Sanchez and Banos [31] recorded higher average body mass
values of Finn sailors as compared to the observed sample. Finn sailors (n = 24) who
participated in the 2000 Olympics had an average body mass of 97.5 & 7.5 kg [24], whereas
the members of the Spanish pre-Olympic team (n = 4) had an average body mass of
99.1 £7.3 kg [31].

We should take the comparison of body fat percentage between Finn sailors in the
observed sample and those in studies conducted by other authors with reservations, con-
sidering that the methods of calculation in these studies are not identical. Cunningham [22]
determined the body fat percentage of 18.6 & 3.0% in Finn sailors (N = 8) by using the
Durnin and Womersley method, whereas Sanchez and Banos [31] recorded 17.2 £ 2.7%
(n = 4) by using the Carter method, and Pezelj et al. [15] used the bioelectric impedance
method and recorded a body fat percentage of 13.01 & 4.02%.

The average stature values in the observed sample of Finn sailors are +1.5 cm as
compared to the stature values determined in other studies [15,18,22-24,31,32].

Maiseti et al. [24] recorded 2.5 cm higher values of stature, whereas Bojsen et al. [18]
recorded 3.4 cm lower average values of Finn sailors’ stature as compared to the sample in
our study.

4.2. Finn Sailor Anthropometric Parameters Comparison to Other Sailing Class Sailors Parameters

Comparing the anthropometric characteristics of Finn sailors to sailors in other
Olympic classes, it is obvious why it is called the “heavy dinghy” class; in Finn
sailors, almost all morphological characteristics have higher average values when
compared to the sailors in other Olympic classes [11,17,20,21,23,24,26,32,33]. Aver-
age values of body height for Laser sailors recorded in the scientific literature range
from 1.724 £ 0.64 m to 1.83 £ 0.3 m, whereas the values of body mass range from
75.6 £ 3.7 kg to 80.6 = 2.8 kg [11,17,21,23,24,26,31-33]. In studies [11,26,31,33] on samples
of Laser sailors, the authors have recorded a body fat percentage from 10.5 £ 4.1% to
23.2 + 12.1%. However, these results should be taken with reservations due to different
methods of calculation.

The differences in morphological characteristics of Finn sailors are even more evident
when compared to those of elite sailors in two-person Olympic classes: 470 and 49er. The
average values of body height for sailors in these classes range from 1.75 m to 1.85 m,
whereas their average body mass values range from 61.8 kg to 80.1 kg [31,32]. With their
morphological characteristics, Olympic windsurfers in the RSX class can also fit into the
stature and body mass range recorded in Laser, 470, and 49er sailors. In studies employing a
sample of elite RSX sailors, the authors recorded average body height and body mass values
of 1.78 £ 0.05 m and 75.4 + 3.7 kg, respectively [20], and 1.79 £ 0.02 m and 72.9 £+ 2.2 kg,
respectively, with an average body fat percentage of 9.8 &= 1% [31].

4.3. Somatotype of Finn Sailors

Researchers have identified the mesomorphic somatotype component as the dominant
component in all elite sailors sailing in Olympic and non-Olympic sailing classes [12,31,33]—
even in young sailors in the Optimist class [14]. Elite Finn sailors are no exception. In this
study, considering the average values of somatotype categories, it was determined that
elite Finn sailors fit the endomorphic mesomorph somatotype category. Sailors in the men’s
one-person dinghy Olympic classes Laser and Finn [31,33] fit the same somatotype category,
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whereas sailors in the Olympic classes RSX and 470 fit the ectomorphic mesomorph category,
with balanced mesomorph associated with the 49er class [31].

By analyzing the available literature, it can be noticed that the mesomorphic soma-
totype component is also the dominant somatotype component in elite athletes in many
other Olympic disciplines, e.g., rowing [6], basketball [16], 100 m sprint [5], off-road cy-
cling [8]; whereas Finn sailors share the endomorphic mesomorph somatotype category with
kayakers [16] and rowers [7], and their average values of somatotype components are very
similar to those recorded in water polo players of the Spanish national team [10].

4.4. Differences between Groups of Finn Sailors According to the General Sailing
Achievement Level

For the best possible ranking in the World Sailing Rankings, which was used in this
study to define general competitive success, a long-standing continuous participation in
as many World Cup Regattas as possible is required. Young, non-established Finn sailors
often lack the financial resources for participation in World Cup Regattas around the world;
rather, they plan their regatta season more carefully by participating in lower-ranked
regional competitions which may bring less points in the WSR rankings. Furthermore,
it happens very often that elite sailor in the Laser class, amongst whom are Olympic
champions as well, decide to change their sailing class and start competing in the Finn
class. Considering that WSR rankings for the Laser and the Finn class are not connected,
regardless of their number of points and ranking in the WSR rankings for the Laser class,
sailors start their ranking in the Finn class competition with no points.

Through univariate analysis of difference and post hoc analysis, significant differences
between more-successful, medium, and less-successful sailors in the variables age, body
mass, muscle mass, arm muscle mass, and endomorphy rating were found.

These results indicate the possibility of selection processes and/or adaptation to
sailing occurring in the Finn class. The homogeneity of Finn sailors in the parameters of
longitudinal and transverse skeletal dimensions might reflect the selection process, whereas
the determined impact and analyses of differences in the dimensions of soft tissue might
reflect the adaptive process.

The development process of an elite sailor usually implies going through several
sailing classes during his or her career. This transition from class to class follows the sailor’s
body growth and development to allow him or her to compete in the sailing class most
suited to his or her morphological characteristics. In men’s one-person dinghy, in most
cases, this “journey” starts in the Optimist class, across the so-called transition classes,
i.e., Laser 4.7 and Laser Radial, to the Olympic Laser Standard and Finn classes. When
the height growth decelerates, i.e., stops around the age of 18, sailors start sailing in the
Olympic classes. The class selection depends, among other things, upon morphological
characteristics, and based on our results, we may conclude that even though they is not
yet scientifically determined, the optimal values of body height and other longitudinal
and transverse morphological characteristics required for successful sailing in the Finn
class are defined quite clearly. Muscle mass and fat mass are morphological characteristics
that can be changed by training operators. Thus, findings on the optimal values of soft
tissue dimensions required for successful sailing in the Finn class, as well as their impact on
competitive success, are extremely important to coaches and sailors. Sailors ranked among
the first 40 competitors on the WSR rankings are approximately 5 years older, 3.5 kg heavier,
and have greater muscle mass compared to the sailors with a lower ranking. Even though it
is not possible to determine whether this is due to sailing in the Finn class or to some other
training operators, it can be concluded that older and more-successful sailors have reached
optimal values of body mass and muscle mass, whereas younger and less-successful sailors
are yet to go through the period of body adaptation.
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4.5. Limitations of the Study

In this study, only anthropometric parameters were measured. The analysis of mor-
phological variables can only assume the influence of functional and motor abilities on
competitive performance, but for a better and more complete analysis of competitive per-
formance in sailing, in addition to morphological characteristics, it is necessary to carry out
tests that assess the level of functional and motor abilities. It is unlikely that coaches and
athletes would agree on such “stressful” tests prior the major competition, but scientist,
coaches, athletes, and class leaders should look for such an option as the findings of such a
study could have strong implications for the development of a specific sailing class and for
the sailing sport in general.

The WSR is a measure of general sailing performance that expresses a summarized
two-year general measure of performance in the Finn class. It is less dependent on, or
influenced by, the situational conditions of sailing for this one regatta and the sailing
conditions, like wind speed, water conditions, and other environmental factors, which
were dominant in that racing week. But it would also be essential to establish differences in
morphological parameters between different levels of situational competitive success. The
study in question would be affected by all previously mentioned environmental factors, and
the results could be interpreted considering wind speed and other sail racing parameters.

Even in this study, a couple of differences among international-level sailors were deter-
mined. Studies in which it could be possible to compare club-, national-, and international-
level sailors would be beneficial for comparison with the “ideal” Finn class morphological
profile. A wider performance range of sailors and possibly a larger number of partici-
pants could lead to more morphologically diverse groups; thus, the results might have
different implications.

In this study, only univariate analysis was used, providing clear and understandable
results and making it suitable for the wider sailing public. For future research, it would be
advisable to use multivariate statistical analyses as discriminant analysis or multiple linear
regression as it could provide more complex scientific information, especially at the level of
latent anthropometric structures.

Future studies could use more demographic data like number of years of sailing
in specific sailing class, first sailing class, age when started with sailing, previous sport,
etc., and/or some non-sailing sport information pertaining to fitness training as all that
information could be related to morphological status and anatomic adaptation to sailing in
specific sailing class.

4.6. Possible Practical Applications

The values of anthropometric parameters determined for the sample of top Finn sailors
may be of great help to coaches and young sailors when deciding on the selection of a
senior Olympic class. If the sailors are already actively competing in the Finn class, they
can compare their anthropometric characteristics to those of world-elite Finn sailors quite
easily and possibly correct those parameters that can be changed under the influence of
training, such as muscle mass and fat mass, i.e., body mass in total.

By comparing the anthropometric parameters of Finn sailors with those of sailors
in other Olympic classes, it can be concluded that the elimination of the Finn class from
the Olympic program could leave elite athletes with these anthropometric characteristics
without the possibility of achieving top sports results in Olympic sailing. Thus, this article
may serve as an argument in favor of making the decision to reinstate the Finn class in the
Olympic program because the anthropologically “heavy-weight” sailors cannot compete
successfully in any other current Olympic class.

To the best of our knowledge, this is the first study to determine the anthropometric
and somatotype profile of elite Finn sailors or elite sailors in any other Olympic class.
In the scientific literature, the impact of morphological characteristics on the general
and situational competitive efficacy of elite athletes has been determined in different
sports [5,7,8,11-16], and this study was conducted in an area of sport which has not yet
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been investigated—Finn sailing. The subject sample employed in this study does not only
represent the sample in this particular population but also the majority of the population of
world elite Finn sailors given that the study was conducted just before one of the biggest
and most important competitions in the Finn class in a competitive season.

Sailing is sport that includes many sailing classes, of which four are part of the male
Olympic sailing program. It would be essential for young sailors to establish and compare
the anthropometric and somatotype profiles of elite sailors in each sailing class.

5. Conclusions

The anthropometric and somatotype profiles of elite Finn class sailors have been
determined. This is the first time such a study has been conducted on sailors in any
Olympic sailing class. Differences between groups of Finn sailors—grouped according
to the level of general success—in some anthropometric parameters were determined.
Anthropometric parameters, e.g., body mass and muscle mass, are clearly related to sailing
performance and efficiency. Choosing a sailing class that is going to match the sailor’s
anthropometric profile is one of the most difficult issues for young sailors, so determining
the relevant anthropometric parameters of each sailing class could be one of the most
important scientific goals in the sailing field. Future research could focus on analyzing the
differences among the sailors with respect to situational competitive success. Longitudinal
studies could be beneficial to determine the process of anatomic adaptation in sailing at
each sailing class.
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Abstract: Several studies have shown that force application is influenced by different neuromuscular
mechanisms depending on the time of force application analysis in isometric knee extension test
(IKE), and a countermovement jump (CM]J) has contributions from knee extension, so some CM]J
variables could be indicators of such mechanisms. Purpose: The aim of this study was to determine
the level of relationship of variables of IKE and bilateral CM]J tests. Methods: Male college soccer
players (n = 25; corporal mass = 72 £ 8 kg; height = 171 £ 5 cm; age = 22 £ 2 years) performed
the IKE at two angles (60° and 75°) on an isokinetic machine and the CMJ on two uniaxial force
platforms. To determine the level of relationship, Pearson’s correlation coefficient was analyzed
between the test variables. Results: Trivial to moderate correlations (r = —0.45 to 0.62; p < 0.05)
were found between CM] variables and IKE in both knee angles (60° and 75°); Conclusions: The
variables of IKE have a trivial to moderate correlation with the variables of CM]J, so the variables of
CM]J could not be considered interchangeably with those of IKE and therefore considered indicators
of neuromuscular mechanisms isolated from the knee extensor function. Longitudinal design (fatigue
or training protocols) should be realized to corroborate these results.

Keywords: biomechanics; kinetic; kinematic; vertical jump; rate of force development

1. Introduction

The ability to generate force with the lower limbs is very important in sports actions,
such as running, jumping, and changing direction; however, these actions that are per-
formed in various sports or in daily living have a limited amount of time for application of
force (50 to 400 ms depending on the technique and phases) [1]. This is why the assessment
of force in the specific force-application times of sports or daily actions becomes crucial to
evaluate sports performance [2]. To assess muscular strength, both dynamic or isometric
and single-joint or multi-joints tests can be performed. Isometric single-joint tests have been
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used for more than five decades to measure muscle function due to their easy implemen-
tation and excellent reliability [3], and it has been evidenced that the application of force
or torque over time, quantified as rate of force development (RFD) or rate torque develop-
ment (RTD) and defined as the first derivative of force or torque over time, respectively,
is influenced by different neuromuscular factors [3,4]. RTD and RFD in their early phase
(<100 ms) are more influenced by neural mechanisms such as motor recruitment and motor
unit discharge rate and in their late phase (>100 ms) by intrinsic muscle properties such as
maximal force and muscle thickness [1,4,5]. This has been proven in several studies using
isometric knee extension tests (IKE) [1,4-7]. This influence in different time intervals has
been highlighted by several authors [6,7] due to the fact that changes and/or adaptations in
different mechanisms could be analyzed without the need for the use of other equipment,
such as, for example, the use of electromyography in order to analyze changes in muscle
activation [4,8]. However, it cannot be assumed that the same mechanisms have similar
influence during dynamic assessments of muscular strength [3,9].

In the dynamic assessments to evaluate the muscular strength of the lower limbs, ver-
tical jumps are commonly used because they do not produce fatigue, are not invasive, and
require little time to be applied [10], and countermovement jump (CM]), which involves
a stretch-shortening cycle (eccentric to concentric muscular contraction), is also widely
used because it shows a strong relationship with other sport actions, such as acceleration,
deceleration, and change of direction [11-13]. The jump height (JH), the most used variable
from the CM]J and the easiest to calculate, has also been used to assess the neuromuscular
state of athletes [14], but sometimes, it is too insensitive for detecting fatigue [15,16], mainly
because athletes are able to maintain JH by altering their movement strategies [17]. An
advantage offered by the assessment of CM] using force platforms is that many kinetic
variables can be derived from eccentric and concentric phases (sometimes called down-
ward and propulsive phases) [18,19], and these, unlike JH, have been shown to be more
sensitive for detecting acute and also chronic changes in the neuromuscular state of athletes,
such as fatigue and detraining in specific phases of CMJ [15,20,21]. For this reason, and
understanding that CMJ performance has contributions from the knee, some of its variables
may have moderate to strong correlations with IKE [22]. Currently, in correlational studies
between CM]J variables and IKE, the relationship between JH and the kinetic variables of
isometric lower-body single-joint isometric tests on isokinetic machines has been mainly
analyzed [22-24], and only one study analyzed the relationship between the RTD (i.e., IKE)
and RFD (i.e., in CM]), where it found trivial to small relationships with RTD in isometric
single-joint test (hip, knee, and ankle), but it only analyzed the peak RTD and RFD in both
tests [25], so the relationship between RTD in time intervals and other variables from CM]
is still unknown.

In the past, for coaches or sport scientists, access to technology such as isokinetic
machines and laboratory force platforms has often been limited due to its size and cost;
recently, much more economical and ecologically applicable field tools have emerged in
sports, such as portable force platforms [26,27], which mainly, due to their low cost and
easy transportation, are more accessible to technical teams and sports federations. So, the
analysis of the relationship between CM] variables and isometric tests could deliver infor-
mation and values for some neuromuscular mechanisms (neural or muscular), delivering
information from more applicable assessments within the area of sports biomechanics,
physical activity sciences, and/or sports medicine that are more ecological, economical,
and practical to perform in the field. From the background, the objective of the present
study was to analyze the level of the relationship between different variables of different
phases of CM]J and IKE.

2. Materials and Methods
2.1. Design

The present study was carried out through a quantitative approach with a non-
experimental design of a cross-sectional type and correlational scope.
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2.2. Procedures

The measurements were evaluated through two visits to the laboratory with one week
of difference between visits. On the first visit of the laboratory, the informed consent was
presented to the participants. Subsequently, familiarization of the experimental tests was
carried out: bilateral countermovement jump (CM]J) and the isometric knee extension (IKE)
tests, according to methodological recommendations involving RFD and RTD measures [3,28].
On the second visit, the subjects performed a standardized warm-up of 5 min of jogging on
an electric treadmill at 8 km /h with no incline, followed by 20 squats and 10 front lunges per
profile, followed by 2 min of dynamic lower-limb stretching, followed by a 3 min rest before
jump evaluation [29] and later CMJ and IKE in this order. All subjects were informed of the
risks, benefits, and objectives (first visit), and they completed an informed consent according
to the Helsinki Agreement, which was approved by the local institutional ethics committee
(code: 418/2023).

2.3. Sample

The sample comprised male college soccer players (n = 25; corporal mass = 72 + 8 kg;
height = 171 &£ 5 cm; age = 22 & 2 years). The players were in a competitive period where they
underwent strength and conditioning training on Mondays and technical-tactical training on
Tuesdays and Wednesdays and played an official match on Fridays. The inclusion criteria
were (i) men with an age range of 18 to 30 years belonging to a university sports team,
(ii) playing sports or physical exercise at least 3 times a week, and (iii) not having suffered
a lower-limb injury during the last 6 months. The exclusion criterion was presenting any
discomfort or pain during the study, either in the hours prior to the study, during warm-up,
or during data recording.

2.4. Data Recording
2.4.1. Countermovement Jump Recording

Two portable PASPORT force plate platforms were used, namely model PS-2141
(PASCO® Scientific, Roseville, CA, USA), validated for vertical jumps [26,27], with a sample
frequency of 1000 Hz with Pasco Capstone software version 2.3.1.1 (PASCO Scientific,
Roseville, CA, USA). Their data were exported into a spreadsheet. Subjects were instructed
to keep their hands on their hips (Figure 1) throughout the jump to focus only on the force
generated by the lower extremities [30] and to jump as fast and as high as possible with
their preferred depth [31], and they could choose the amplitude of the countermovement
to avoid changes in the coordination pattern of the jump [32]. The subjects performed three
attempts and rested for at least 15 s between attempts while data were stored.

Figure 1. Start position in isometric knee extension (A) and countermovement jump (B).
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2.4.2. Isometric Knee Extension Recording

The isokinetic equipment HUMAC NORM® testing and rehabilitation system (Model
502140, Stoughton, MA, USA) with a sample frequency of 1250 Hz was used for IKE.
The positioning was performed according to the HUMAC NORM System User’s Guide
provided by the manufacturer. In each evaluation, each participant was positioned for
alignment of the joint axis with the mechanical axis of the isokinetic equipment in relation
to his anthropometric measurements, ensuring the participants’ comfort and safety and the
reliability of data collection. Each participant performed four attempts with a duration of
4 s with their dominant leg (preferred for kicking a soccer ball), with a 30 s pause between
attempts and 3 min between angles with a knee angle of 60° and 75° because at these
angles, the peak torque and RTD were higher compared to other angles [4]. The neutral
approach indication was given to push as fast and hard as possible and place the hands on
the equipment as shown (Figure 1).

2.5. Data Processing
2.5.1. Countermovement Jump Processing

The spreadsheets were processed through the MATLAB® software by a routine created
by the authors (R2021a; The MathWorks, Inc., Natick, MA, USA). To detect the jump’s onset,
the method of three standard deviations and a time window of 2 s prior to the jump was
used. For the identification of phases (unloading, yielding, braking, and concentric), the
method proposed by Harry et al. [33] was used. For the analysis, the following variables
were used: peak force, jump time, time for phases, mean force for phases, peak RFD for
braking phase, and net impulse for phase (or defined integral). The jump height was
calculated using impulse method [34]. For the analysis, the average of three attempts
was used.

2.5.2. Isometric Knee Extension Processing

For the IKE, the signals were exported to a spreadsheet and finally processed through
the MATLAB software by a routine created by the authors (R2021a; The MathWorks, Inc.,
Natick, MA, USA). The signal was resampled to 1000 Hz. The signal was filtered by a
Butterworth low-pass filter of 4 orders with zero lag and a cut frequency of 20 Hz [35].
The first value at 1 newton was identified as the start of the test. For the analysis, the
following variables were used: peak torque, RTD in windows of 50 ms up to 200 ms, and
the instantaneous isometric peak RTD (PRTD). The attempt with the highest peak force
was used for the analysis. The signal shape and variables are given visually in Figure 2.

300 \ 2000
- --Torque
—RTD
250 -
---------------------------- |
.- 1500
~200 7 _Peak torque -
£ RTD200 2
< E
2150 - {1000 &
: e
)
= 100F &
1500
50 -
0 L 0
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Figure 2. Signal shape and variables of isometric knee extension torque and isometric rate of torque
development (RTD).
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2.6. Statistical Analysis

The normality of the variables was analyzed using the Shapiro-Wilk test, where the
assumption of normality was checked (p > 0.05). All descriptive statistics are presented as mean
and standard deviation. The relationship between variables was analyzed through Pearson’s
correlation coefficient, where values were qualitatively categorized as trivial (0.00-0.09), weak
(0.10-0.39), moderate (0.40-0.69), strong (0.70-0.89), and very strong (0.90-1.00) as well as
negative values. The alpha was set at 0.05. All statistics were conducted in SPSS software
version 25.

3. Results

In Table 1 are the descriptive statistics of both tests. In Table 2 are the correlation coeffi-
cients between kinematic-related variables of CMJ and IKE. Trivial to moderate correlations
were found, and only moderate correlations showed statistical significance (p < 0.05).

Table 1. Descriptive statistics of CMJ and IKE test.

Countermovement Jump (CM]J) Isometric Knee Extension (IKE)
Variables Mean +SD Variables Mean +SD
Jump height (m) 0.284 0.060 PT (N-m) 236 29
-8 Jump time (s) 0.688 0.076 3 PRTD (N-m/s) 5998 1546
g Time unloading (s) 0.167 0.039 Z‘-Jb RTDsy (N-m/s) 1119 383
g Time yielding (s) 0.152 0.028 L RTD10 (Nm/s) 1077 260
v Time braking (s) 0.118 0.028 2 RTDis0 (N-m/s) 827 128
Time concentric (s) 0.250 0.034 RTDyg9 (N-m/s) 580 173
Peak force (N) 1649 228 PT (N-m) 216 33
RFD unloading (N/s) —53 13 § PRTD (N-m/s) 5449 1682
RFD yielding (N/s) 61 13 5o RTDsy (N-m/s) 810 478
RFD braking (N/s) 139 49 < RTD1p9 (N-m/s) 947 270
PRFD (N/s) 8946 3741 R RTDq50 (N-m/s) 811 224
9 MF unloading (N) 342 56 RTD5p9 (N-m/s) 571 167
g MF yielding (N) 412 66
v MEF braking (N) 705 132
MEF concentric (N) 676 127
Impulse unloading (N-s) 56 12
Impulse yielding (N-s) 62 14
Impulse braking (N-s) 82 20
Impulse concentric (N-s) 166 21
PT, peak torque; PRTD, peak rate of torque development; RTD50, rate of torque development 0-50 ms; RTD100,
rate of torque development 50-100 ms; RTD150, rate of torque development 100-150 ms; RTD200, rate of torque
development 150-200 ms; PRFD, peak rate of force development; RFD, rate of force development; ME, mean force.
Table 2. Correlation matrix between kinematic-related variables of CM]J and IKE at 60° and 75°.
60° Knee Angle 75° Knee Angle
Variables PT PRTD RTD50 RTD100 RTD150 RTDZ()() PT PRTD RTDSO RTD-[U() RTD150 RTDZ()(]
Jump height r —0.15 —0.11 0.08 —0.28 —0.33 —0.07 —0.23 —0.13 0.25 —0.22 —0.40 —0.29
14 0.47 0.59 0.71 0.17 0.11 0.76 0.28 0.53 0.23 0.30 0.05 0.17
Jump r 0.14 0.08 —0.12 0.00 0.44 0.46 0.05 0.03 —0.17 0.04 0.07 0.46
time 14 0.50 0.70 0.57 0.99 0.03 0.02 0.81 0.91 0.42 0.86 0.74 0.02
Time r —0.16 —0.07 —0.13 —0.11 0.26 0.00 0.06 —0.01 —-0.17 0.05 0.23 0.25
unloading 14 0.46 0.75 0.52 0.59 0.21 0.99 0.78 0.98 0.41 0.80 0.27 0.22
Time r 0.22 0.13 —0.03 0.06 0.33 0.45 0.14 0.13 0.07 0.09 —0.04 0.34
yielding 14 0.29 0.54 0.87 0.78 0.10 0.02 0.50 0.53 0.75 0.69 0.86 0.10
Time r 0.20 —0.01 —0.09 0.00 0.03 0.29 —0.09 —0.04 —0.07 —0.13 —0.14 0.04
braking 14 0.35 0.97 0.68 0.99 0.88 0.16 0.66 0.84 0.76 0.55 0.49 0.84
Time r 0.15 0.18 0.00 0.05 0.36 0.41 0.00 0.01 —0.16 0.02 0.02 0.41
concentric [4 0.47 0.40 0.99 0.80 0.08 0.04 1.00 0.98 0.44 0.94 0.92 0.04

Bold values mean significant bilateral p-value <0.05; 1, Pearson correlation coefficient; p-value; PT, peak torque;
PRTD, peak isometric rate of torque development; RTDs, rate of torque development 0-50 ms; RTD;qy, rate
of torque development 50-100 ms; RTD;5, rate of torque development 100-150 ms; RTD5q, rate of torque
development 150-200 ms.

74



J. Funct. Morphol. Kinesiol. 2024, 9, 242

Table 3 shows the correlation coefficients between the related kinematic variables of
CMJ and IKE. Trivial to moderate correlations were found, and only moderate correlations
showed statistical significance (p < 0.05).

Table 3. Correlation matrix between force—time-related variables of CMJ and IKE at 60° and 75°.

60° Knee Angle 75° Knee Angle
Variables PT PRTD RTD50 RTD100 RTD150 RTDZOO PT PRTD RTD50 RTD100 RTD150 RTD200
r 023 0.14 0.04 0.41 0.18 0.09 0.36 015 —017 027 0.50 0.15
Peakforce —, g57 (51 085 004 040 067 007 049 041 019 001 0.49
RFD r -016 —020 —020 —019 022 0.08 010 -015 —033 0.14 0.23 0.40
unloading p 045 0.34 0.34 0.37 0.29 0.71 0.64 0.48 0.11 0.50 0.27 0.05
RFD r -022 —007 003 014 —039 —045 0.3 0.08 0.20 0.04 006 —0.17
yielding  p 029 0.73 0.89 0.50 0.06 0.02 0.88 0.71 0.35 0.87 0.77 0.43
RFD r —030 —009  0.00 015 —020 —0.44 001 —0.08 003 0.16 0.05  —0.02
braking p 0.5 0.67 0.99 0.47 0.34 0.03 0.96 0.72 0.87 0.44 0.80 0.91
r 001 0.13 0.18 040 —0.11 —033 026 009 —011 037 0.39 0.04
PRED 097 055 040 005 060 011 020 068 06l 007 005 084
ME r 037 0.37 0.32 0.62 0.07 0.02 0.41 0.19 0.00 0.40 0.35 0.17
unloading p  0.07 0.07 013  <0.01 074 0.91 0.04 0.35 0.99 0.04 0.08 0.41
MF r 032 0.39 0.35 0.54 015 —007 041 0.24 0.07 0.33 0.44 0.04
yielding p 012 0.06 0.09 0.01 0.47 0.73 0.04 0.24 0.73 0.11 0.03 0.85
MF r  0.06 0.12 0.12 033 —001 —019 024 009 —0.18 024 0.46 0.04
braking p 077 0.56 0.56 0.11 0.98 0.38 0.25 0.67 0.38 0.25 0.02 0.84
MF r 006 —003 007 006 —0.19 —009 0.3 0.10 0.22 0.02 0.02  —0.28
concentric p  0.78 0.88 0.75 0.76 0.37 0.68 0.54 0.65 0.29 0.91 0.94 0.17
Impulse r 007 0.16 0.06 0.30 0.32 0.04 0.36 014 —018 036 0.51 0.40
unloading p  0.75 0.44 0.79 0.15 0.12 0.86 0.08 0.50 0.39 0.07 0.01 0.04
Impulse r  0.44 0.41 0.27 0.46 0.38 0.29 0.42 0.27 0.12 0.28 0.29 0.29
yielding  p  0.02 0.04 0.20 0.02 0.07 0.16 0.03 0.20 0.57 0.17 0.15 0.16
Impulse r 024 0.08 0.01 0.23 0.04 0.16 004 —001 —019 0.0 0.17 0.03
braking p 025 0.69 0.98 0.26 0.85 0.45 0.85 0.98 0.36 1.00 0.42 0.89
Impulse r 029 0.17 0.14 0.19 0.09 0.26 0.22 0.17 0.21 0.06 006  —0.05
concentric p  0.16 0.41 0.50 0.37 0.66 0.21 0.30 0.42 0.31 0.79 0.79 0.83

Bold values mean significant bilateral p-value <0.05; r, Pearson correlation coefficient; p value; PT, peak torque;
PRTD, peak isometric rate of torque development; RTDs, rate of torque development 0-50 ms; RTDyq, rate
of torque development 50-100 ms; RTD5, rate of torque development 100-150 ms; RTD5q, rate of torque
development 150-200 ms; PRFD, peak rate of force development; RFD, rate of force development; MF, mean force.

4. Discussion

The present study aimed to determine the level of relationship between CM] and IKE
variables. The main findings showed trivial to moderate correlations between the variables
of both tests.

Various studies have analyzed the relationship between CMJ and IKE, but most stud-
ies only analyze the JH [22-25], and to our knowledge, only one analyzed the correlation
of other variables of CM] with IKE [25]. Regarding the association between JH and IKE
variables, some studies have found similar correlations [22,25] and other higher correla-
tions [23,24]. The latter may have found this due to various methodological factors as well
as data analysis. De Ruiter et al. (2006) found a moderate to strong correlation between JH
and momentum at 40 ms normalized by time at peak torque, but the knee angle at the jump
(90° and 120°) was controlled [24]. Laett et al. (2021) found trivial to moderate correlations
(p > 0.05) between JH and the RTD accumulated in windows of 50 ms from onset to 250
ms. However, they found moderate correlations when the RTD was normalized by peak
torque. On the other hand, they used an individualized angle to perform the isometric
test (optimal angle through dynamic test) [23]. These methodological and data analysis
differences could explain the differences compared to our results, where a controlled knee
angle in the squat and adjusted knee angle in IKE could have increased the correlation
between tests.
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To our knowledge, only Van Hooren et al. (2022) analyzed the correlations between
the kinetic variables of CMJ and IKE, finding trivial to weak correlations that agree with our
findings. However, they only analyzed the relationship between PRFD and PRTD. They
mentioned that their trivial to moderate correlations could be explained by motor control
strategies, where subjects with poor inter-muscular coordination but with a great RTD
may not be able to transfer their ability into movements that require greater coordination
(dynamic multi-joint) [25]. For example, a recent review of the relationship between
isometric and dynamic force showed moderate to very strong correlations between the
kinetic variables (peak force and RFD) of isometric multi-joint tests, such as mid-thigh pull
and isometric squat, with SJ jump height [36], showing an increase in correlation between
tests due to biomechanical similarity (i.e., the same joints are involved in both tests). In the
same line, the application of force in the vertical jump depends on three joints (hip, knee,
and ankle) [37,38], so the dynamic RFD could have different contributions along with the
added variability between subjects, where different joint contributions have been observed
between good and bad jumpers (depending on jump height) [38]. In a recent study, the
peak torque of hip was the variable with the strongest correlation with the JH during CM]J,
corroborating this hypothesis [39].

Another factor that could explain the strength of the correlation is the type of con-
traction in the single-joint test, where studies have found weak to very strong correlations
between dynamic knee extension tests (peak torque and power) and jump height [40,41],
the same phenomenon that happens with the sprint, where IKE has a trivial correlation, and
fast concentric has a moderate correlation [42]. Another study correlated knee isometric
flexion PT and RTD with sprint performance at 30 m and found an explained variance of
isometric in sprint between 0 and 28% [43]. That study analyzed the relationships between
these variables and PRTD in knee extension and flexion and plantar flexion, finding trivial
to weak correlations with JH, JT, TPF, and PRFD [25] and reaffirming that different physio-
logical mechanisms modulate variables derived from dynamic and isometric actions [9],
and therefore, monoarticular isometric testing would give poor information on RFD in
sport movements [25,42—45].

One interesting aspect was that most moderate correlations were found between
the eccentric variables of jump, and only concentric time had this correlation strength.
One study found a similar neuromuscular response after eccentric and isometric exercise
compared with concentric, explaining the torque-time integral between protocols [46].
This could explain our result, indicating more similarity between isometric and eccentric
contractions than concentric. Also, the muscular strength of knee could be contributing
more during eccentric phase and the ankle and hip during concentric phase [47].

One limitation of this research is the study design, and the results should be cor-
roborated with an experimental and longitudinal design; for example, future research
could simultaneously analyze both pre- and post-intervention tests (fatigue or training
protocol). Other limitations correspond to methodological concerns about preferred depth
countermovement in CM]J; because this affects the CM] variables, it would be necessary to
find a standardized methodology for assessment of CM]. Also, unilateral CM] should be
tested since IKE was unilateral.

5. Conclusions

The variables of IKE have a trivial to moderate correlation with the variables of CM]J,
so the variables of CM]J could not be considered interchangeably with those of IKE and
therefore considered indicators of neuromuscular mechanisms isolated from the knee
extensor function. A longitudinal design should be realized to corroborate these results.

76



J. Funct. Morphol. Kinesiol. 2024, 9, 242

Author Contributions: Conceptualization, PM.-M., D.A.-T. and E.A.-M.; methodology, E.A.-M.,
J.P-C., AB.-G.,, PM.-M., M.R.-E. and R.A.-B.; formal analysis, PM.-M., A.B.-G., M.R.-E., C.B. and
J.C.-].; writing—original draft preparation, E.A.-M., PM.-M., C.B. and J.P.-C.; writing—review and
editing, E.A.-M., PM.-M.,, D.A.-T., ].C.-J. and R.A.-B.; visualization, M.R.-E. and ]J.C.-].; supervision,
E.A.-M. and D.A.-T,; project administration, J.P.-C., M.R.-E. and R.A.-B.; funding acquisition, E.A.-M.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Ethics Committee of Universidad de Santiago de Chile
(code: 418/2023).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data will be made available under reasonable request.

Acknowledgments: Thanks to the USACH AYUDANTE_DICYT Project, Cédigo 022304AM_Ayudante,
Vicerrectoria de Investigacién, Innovacion y Creacion.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Andersen, L.L.; Aagaard, P. Influence of maximal muscle strength and intrinsic muscle contractile properties on contractile rate of
force development. Eur. ]. Appl. Physiol. 2006, 96, 46-52. [CrossRef] [PubMed]

Thomas, C.; Comfort, P.; Chiang, C.-Y.; Jones, P.A. Relationship between isometric mid-thigh pull variables and sprint and change
of direction performance in collegiate athletes. J. Trainology 2015, 4, 6-10. [CrossRef] [PubMed]

Maffiuletti, N.A.N.; Aagaard, P; Blazevich, A.; Folland, ].].; Tillin, N.; Duchateau, J. Rate of force development: Physiological and
methodological considerations. Eur. |. Appl. Physiol. 2016, 116, 1091-1116. [CrossRef] [PubMed]

Cossich, V.; Maffiuletti, N. Early vs. late rate of torque development: Relation with maximal strength and influencing factors. J.
Electromyogr. Kinesiol. 2020, 55, 102486. [CrossRef]

D’Emanuele, S.; Tarperi, C.; Rainoldi, A.; Schena, F; Boccia, G. Neural and contractile determinants of burst-like explosive
isometric contractions of the knee extensors. Scand. ]. Med. Sci. Sports 2022, 33, 127-135. [CrossRef]

Tillin, N.A; Folland, J.P. Maximal and explosive strength training elicit distinct neuromuscular adaptations, specific to the training
stimulus. Eur. J. Appl. Physiol. 2014, 114, 365-374. [CrossRef]

de Oliveira, EB.D.; Rizatto, G.F,; Denadai, B.S. Are early and late rate of force development differently influenced by fast-velocity
resistance training? Clin. Physiol. Funct. Imaging 2013, 33, 282-287. [CrossRef]

Place, N. Quantification of central fatigue: A central debate. Eur. J. Appl. Physiol. 2021, 121, 2375-2376. [CrossRef]

Kriiger, R.L.; Aboodarda, S.J.; Jaimes, L.M.; Maclntosh, B.R.; Samozino, P.; Millet, G.Y. Fatigue and recovery measured with
dynamic properties vs isometric force: Effects of exercise intensity. |. Exp. Biol. 2019, 222, jeb.197483. [CrossRef]

Lombard, W.; Starling, L.; Wewege, L.; Lambert, M. Changes in countermovement jump performance and subjective readiness-to-
train scores following a simulated soccer match. Eur. J. Sport Sci. 2020, 21, 647-655. [CrossRef]

Merino-Mufioz, P,; Vidal-Maturana, F.; Aedo-Mufioz, E.; Villaseca-Vicuia, R. Relationship between vertical jump, linear sprint
and change of direction in chilean female soccer players. J. Phys. Educ. Sport 2021, 21, 2737-2744.

Smajla, D.; Kozinc, 7.; Sarabon, N. Associations between lower limb eccentric muscle capability and change of direction speed in
basketball and tennis players. Peer] 2022, 10, €13439. [CrossRef] [PubMed]

Villaseca-Vicufia, R.; Molina-Sotomayor, E.; Zabaloy, S.; Gonzalez-Jurado, J.A. Anthropometric profile and physical fitness
performance comparison by game position in the Chile women’s senior national football team. Appl. Sci. 2021, 11, 2004.
[CrossRef]

Claudino, J.G.; Cronin, J.; Mezéncio, B.; McMaster, D.T.; McGuigan, M.; Tricoli, V.; Amadio, A.C.; Serrao, J.C. The countermove-
ment jump to monitor neuromuscular status: A meta-analysis. J. Sci. Med. Sport 2017, 20, 397-402. [CrossRef]

Gathercole, R.; Sporer, B.; Stellingwerff, T.; Sleivert, G. Alternative Countermovement-Jump Analysis to Quantify Acute
Neuromuscular Fatigue. Int. J. Sports Physiol. Perform. 2015, 10, 84-92. [CrossRef]

Silva, J.R.; Ascensao, A.; Marques, F.; Seabra, A. Neuromuscular function, hormonal and redox status and muscle damage of
professional soccer players after a high-level competitive match. Eur. J. Appl. Physiol. 2013, 113, 2193-2201. [CrossRef]

Schmitz, R.J.; Cone, J.C.; Copple, T.].; Henson, R.A.; Shultz, S.]. Lower-extremity biomechanics and maintenance of vertical-jump
height during prolonged intermittent exercise. J. Sport Rehabil. 2014, 23, 319-329. [CrossRef]

Harry, J.R.; Barker, L.A.; Tinsley, G.M.; Krzyszkowski, J.; Chowning, L.D.; McMahon, ].J.; Lake, J. Relationships among
countermovement vertical jump performance metrics, strategy variables, and inter-limb asymmetry in females. Sport Biomech.
2021, 1-19. [CrossRef]

Merino-Munoz, P; Pérez-Contreras, J.; Aedo-Mufioz, E.; Bustamante-Garrido, A. Relationship between jump height and rate of
braking force development in professional soccer players. J. Phys. Educ. Sport 2020, 20, 3614-3621. [CrossRef]

77



J. Funct. Morphol. Kinesiol. 2024, 9, 242

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Cohen, D.D.; Restrepo, A.; Richter, C.; Harry, J.R.; Franchi, M.V,; Restrepo, C.; Poletto, R.; Taberner, M. Detraining of specific
neuromuscular qualities in elite footballers during COVID-19 quarantine. Sci. Med. Footb. 2020, 5, 26-31. [CrossRef]
Merino-Mufoz, P.; Miarka, B.; Peréz-contreras, J.; Jofré, C.M. Relationship between external load and differences in counter-
movement jump in an official match of professional female soccer players. In Proceedings of the 40th International Society of
Biomechanics in Sports Conference, Liverpool, UK, 19-23 July 2022; pp. 451-454.

Kozinc, Z.; Sarabon, N. Measurements of Lower-limb Isometric Single- joint Maximal Voluntary Torque and Rate of Torque
Development Capacity Offer Limited Insight into Vertical Jumping Performance Measurements of Lower-limb Isometric Single-
joint Maximal Voluntary Torque. Meas. Phys. Educ. Exerc. Sci. 2021, 1-12. [CrossRef]

Laett, C.T.; Cossich, V.; Goes, R.A.; Gavilao, U.; Rites, A.; de Oliveira, C.G. Relationship between vastus lateralis muscle ultrasound
echography, knee extensors rate of torque development, and jump height in professional soccer athletes. Sport Sci. Health 2020, 17,
299-306. [CrossRef]

De Ruiter, C.J.; Van Leeuwen, D.; Heijblom, A.; Bobbert, M.F,; de Haan, A. Fast unilateral isometric knee extension torque
development and bilateral jump height. Med. Sci. Sports Exerc. 2006, 38, 1843-1852. [CrossRef] [PubMed]

Van Hooren, B.; Kozinc, Z.; Smajla, D.; Sarabon, N. Isometric single-joint rate of force development shows trivial to small
associations with jumping rate of force development, jump height, and propulsive duration. JSAMS Plus 2022, 1, 100006.
[CrossRef]

Lake, J.; Mundy, P.; Comfort, P.; McMahon, J.J.; Suchomel, T.J.; Carden, P. Concurrent Validity of a Portable Force Plate Using
Vertical Jump Force-Time Characteristics. J. Appl. Biomech. 2018, 34, 410-413. [CrossRef]

Sands, W.A.; Bogdanis, G.C.; Penitente, G.; Donti, O.; McNeal, ].R.; Butterfield, C.C.; Poehling, R.A.; Barker, L.A. Reliability and
validity of a low-cost portable force platform. Isokinet. Exerc. Sci. 2020, 28, 247-253. [CrossRef]

Rodriguez-Rosell, D.; Pareja-Blanco, F.; Aagaard, P.; Gonzalez-Badillo, ].J. Physiological and methodological aspects of rate of
force development assessment in human skeletal muscle. Clin. Physiol. Funct. Imaging 2018, 38, 743-762. [CrossRef]

Bishop, D. Warm up II: Performance changes following active warm up and how to structure the warm up. Sport Med. 2003, 33,
483-498. [CrossRef]

Lees, A.; Vanrenterghem, J.; De Clercq, D. Understanding how an arm swing enhances performance in the vertical jump. J.
Biomech. 2004, 37, 1929-1940. [CrossRef]

Krzyszkowski, J.; Chowning, L.D.; Harry, ].R. Phase-Specific Verbal Cue Effects on Countermovement Jump Performance. J.
Strength Cond. Res. 2021, 36, 3352-3358. [CrossRef]

Ugrinowitsch, C.; Tricoli, V.; Rodacki, A.L.; Batista, M.; Ricard, M.D. Influence of training background on jumping height. J.
Strength Cond. Res. 2007, 21, 848-852. [CrossRef] [PubMed]

Harry, J.R.; Barker, L.A.; Paquette, M.R. A Joint Power Approach to Define Countermovement Jump Phases Using Force Platforms.
Med. Sci. Sports Exerc. 2020, 52, 993-1000. [CrossRef] [PubMed]

Linthorne, N.P. Analysis of standing vertical jumps using a force platform. Am. J. Phys. 2001, 69, 1198-1204. [CrossRef]
Thompson, B.J. Influence of signal filtering and sample rate on isometric torque—Time parameters using a traditional isokinetic
dynamometer. J. Biomech. 2019, 83, 235-242. [CrossRef] [PubMed]

Lum, D.; Haff, G.G.; Barbosa, T.M. The Relationship between Isometric Force-Time Characteristics and Dynamic Performance: A
Systematic Review. Sports 2020, 8, 63. [CrossRef]

Bobbert, M.E,; Mackay, M.; Schinkelshoek, D.; Huijing, P.A.; Schenau, G.J.V.I. Biomechanical analysis of drop and countermove-
ment jumps. Eur. |. Appl. Physiol. Occup. Physiol. 1986, 54, 566-573. [CrossRef]

Vanezis, A.; Lees, A. A biomechanical analysis of good and poor performers of the vertical jump. Ergonomics 2005, 48, 1594-1603.
[CrossRef]

Shinchi, K.; Yamashita, D.; Yamagishi, T.; Aoki, K.; Miyamoto, N. Relationship between jump height and lower limb joint kinetics
and kinematics during countermovement jump in elite male athletes. Sports Biomech. 2024, 1-12. [CrossRef]

lossifidou, A.; Baltzopoulos, V.; Giakas, G. Isokinetic knee extension and vertical jumping: Are they related? J. Sports Sci. 2005, 23,
1121-1127. [CrossRef]

Sliwowski, R.; Grygorowicz, M.; Wieczorek, A.; Jadczak, L. The relationship between jumping performance, isokinetic strength
and dynamic postural control in elite youth soccer players. J. Sports Med. Phys. Fitness 2018, 58, 1226-1233. [CrossRef]

Hori, M.; Suga, T.; Terada, M.; Tanaka, T.; Kusagawa, Y.; Otsuka, M.; Nagano, A.; Isaka, T. Relationship of the knee extensor
strength but not the quadriceps femoris muscularity with sprint performance in sprinters: A reexamination and extension. BMC
Sports Sci. Med. Rehabilitation 2021, 13, 1-10. [CrossRef]

Ishei, L.; Aagaard, P; Nielsen, M.E; Thornton, K.B.; Krommes, K.K.; Hélmich, P.; Thorborg, K. The Influence of Hamstring Muscle
Peak Torque and Rate of Torque Development for Sprinting Performance in Football Players: A Cross-Sectional Study. Int. J.
Sports Physiol. Perform. 2019, 14, 665-673. [CrossRef] [PubMed]

Diker, G.; Struzik, A.; On, S.; Zileli, R. The Relationship between the Hamstring-to-Quadriceps Ratio and Jumping and Sprinting
Abilities of Young Male Soccer Players. Int. J. Environ. Res. Public Heal. 2022, 19, 7471. [CrossRef] [PubMed]

Morin, ].-B.; Samozino, P. Interpreting Power-Force-Velocity Profiles for Individualized and Specific Training. Int. ]. Sports Physiol.
Perform. 2016, 11, 267-272. [CrossRef]

78



J. Funct. Morphol. Kinesiol. 2024, 9, 242

46. Royer, N.; Nosaka, K.; Doguet, V.; Jubeau, M. Neuromuscular responses to isometric, concentric and eccentric contractions of the
knee extensors at the same torque-time integral. Eur. . Appl. Physiol. 2021, 122, 127-139. [CrossRef]

47. Kipp, K.; Kim, H. Relative contributions and capacities of lower extremity muscles to accelerate the body’s center of mass during
countermovement jumps. Comput. Methods Biomech. Biomed. Eng. 2020, 23, 914-921. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

79



Journal of

and Kinesiology

Functional Morphology

Article

Similarity Index Values in Fuzzy Logic and the Support Vector
Machine Method Applied to the Identification of Changes in
Movement Patterns During Biceps-Curl Weight-Lifting Exercise

André B. Peres 12, Tiago A. F. Almeida 23, Danilo A. Massini 23, Anderson G. Macedo >34,
Mario C. Espada 3478910 Ricardo A. M. Robalo *>7-%, Rafael Oliveira %10, Joao P. Brito 1°
and Dalton M. Pesséa Filho 2-3*

Citation: Peres, A.B.; Almeida,
T.A.F,; Massini, D.A.; Macedo, A.G.;
Espada, M.C.; Robalo, R.AM.;
Oliveira, R.; Brito, ].P.; Pessoa Filho,
D.M. Similarity Index Values in Fuzzy
Logicand the Support Vector Machine
Method Applied to the Identification
of Changes in Movement Patterns
During Biceps-Curl Weight-Lifting
Exercise. J. Funct. Morphol. Kinesiol.
2025, 10, 84. https://doi.org/
10.3390/jfmk10010084

Academic Editor: Pedro Miguel Forte

Received: 25 December 2024
Revised: 25 February 2025
Accepted: 26 February 2025
Published: 28 February 2025

Citation: Peres, A.B.; Almeida,
T.A.F.; Massini, D.A.; Macedo, A.G.;
Espada, M.C.; Robalo, R.AM.;
Oliveira, R.; Brito, J.P,; Pessda Filho,
D.M. Similarity Index Values in Fuzzy
Logicand the Support Vector Machine
Method Applied to the Identification
of Changes in Movement Patterns
During Biceps-Curl Weight-Lifting
Exercise. J. Funct. Morphol. Kinesiol.
2025, 10, 84. https://doi.org/
10.3390/jfmk10010084

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

1 Instituto Federal de Educacio, Ciéncia e Tecnologia de Sao Paulo (IFSP), Piracicaba 13414-155, SP, Brazil;

andreperes@ifsp.edu.br

Graduate Programme in Human Development and Technologies, Sdo Paulo State University (UNESP),

Rio Claro 13506-900, SP, Brazil; tiagofalmeida.w@gmail.com (T.A.F.A.); dmassini@hotmail.com (D.A.M.);

andersongmacedo@yahoo.com.br (A.G.M.)

3 Department of Physical Education, School of Sciences (FC), Sao Paulo State University (UNESP),

Bauru 17033-360, SP, Brazil

Post-Graduation Program in Rehabilitation Sciences, Institute of Motricity Sciences, Federal University of

Alfenas (UNIFAL), Alfenas 37133-840, MG, Brazil

5 Instituto Politécnico de Setubal, Escola Superior de Educagao (CIEQV—Settibal), 2914-504 Settibal, Portugal;
mario.espada@ese.ips.pt (M.C.E.); ricardo.robalo@ese.ips.pt (R.A.M.R.)

6 Sport Physical Activity and Health Research & INnovation CenTer (SPRINT), 2040-413 Rio Maior, Portugal

7 Centre for the Study of Human Performance (CIPER), Faculdade de Motricidade Humana, Universidade de
Lisboa, 1499-002 Cruz Quebrada, Portugal

8  Comprehensive Health Research Centre (CHRC), Universidade de Evora, 7004-516 Evora, Portugal

School of Sport, Santarém Polytechnic University, Av. Dr. Mario Soares, 2040-413 Rio Maior, Portugal;

rafaeloliveira@esdrm.ipsantarem.pt (R.O.); jbrito@esdrm.ipsantarem.pt (J.P.B.)

Research Centre in Sport Sciences, Health Sciences and Human Development (CIDESD),

Santarém Polytechnic University, 2040-413 Rio Maior, Portugal

*  Correspondence: dalton.pessoa-filho@unesp.br

10

Abstract: Background/Objectives: Correct supervision during the performance of resis-
tance exercises is imperative to the correct execution of these exercises. This study presents
a proposal for the use of Morisita-Horn similarity indices in modelling with machine
learning methods to identify changes in positional sequence patterns during the biceps-
curl weight-lifting exercise with a barbell. The models used are based on the fuzzy logic
(FL) and support vector machine (SVM) methods. Methods: Ten male volunteers (age:
26 £ 4.9 years, height: 177 & 8.0 cm, body weight: 86 £ 16 kg) performed a standing barbell
bicep curl with additional weights. A smartphone was used to record their movements
in the sagittal plane, providing information about joint positions and changes in the se-
quential position of the bar during each lifting attempt. Maximum absolute deviations of
movement amplitudes were calculated for each execution. Results: A variance analysis
revealed significant deviations (p < 0.002) in vertical displacement between the standard
execution and execution with a load of 50% of the subject’s body weight. Experts with
over thirty years of experience in resistance-exercise evaluation evaluated the exercises,
and their results showed an agreement of over 70% with the results of the ANOVA. The
similarity indices, absolute deviations, and expert evaluations were used for modelling in
both the FL system and the SVM. The root mean square error and R-squared results for
the FL system (R? = 0.92, r = 0.96) were superior to those of the SVM (R? = 0.81, r = 0.79).
Conclusions: The use of FL in modelling emerges as a promising approach with which
to support the assessment of movement patterns. Its applications range from automated
detection of errors in exercise execution to enhancing motor performance in athletes.
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1. Introduction

Monitoring the movement of the barbell is common in weightlifting exercises to
assess the performance of the practitioner [1]. In the bicep-curl exercise, supervision of
the barbell movement by a professional tends to prevent injuries resulting from improper
loads, postures, and executions [2].

The supervision of resistance exercises by a personal trainer plays an important
role in preventing injury and in promoting the physical development of practitioners.
The involvement of an experienced professional ensures that exercises are performed
with proper technique, with postures and loads adjusted as necessary. This personalized
attention not only minimizes the risk of injuries that can occur due to improper execution
but also maximizes the benefits of training [3].

One of the main obstacles to adhering to supervised physical exercise is the high cost
of personal training services. Studies show that hiring a professional for individualized
support can be financially unfeasible for a large portion of the population, leading many to
abandon regular exercise programs [4].

With the advancement of technology, fitness apps have become increasingly popular
as alternatives to personal training services. These apps offer a variety of features, including
personalized workout plans and progress tracking, at a lower cost [5].

However, the accuracy of these apps has been questioned. Several studies indicate
that the accuracy of data collected by digital devices can vary significantly, raising uncer-
tainties about their reliability compared to professional supervision. Research suggests
that many users may not achieve the expected results due to errors in algorithms or in the
interpretation of the collected information [5].

In summary, while digital apps provide an accessible solution for monitoring physical
exercise, the costs associated with professional supervision and uncertainties regarding the
accuracy of emerging technologies continue to be significant barriers to effective adherence.
The combination of these factors suggests an urgent need to develop solutions that integrate
the best of both worlds: professional support and digital technologies.

Increasing the load on the bar during bicep-curl exercises can change movement
patterns. Werner et al. [6] investigated how different loads (60%, 85%, and 95% of an
athlete’s one-repetition maximum—1 RM) influence movement patterns. The results
indicated that relative load has a significant effect on movement patterns. This suggests that
as the load increases, athletes may adopt different movement patterns, which is relevant for
training, especially for younger athletes who are perfecting their technique. Furthermore,
the study highlighted that while lighter loads may allow for more repetitions, this could
lead to the risk of developing movement patterns that are not ideal for maximum loads.

The trajectories of joint movements during exercise execution can serve as a basis for
the analysis of movement patterns. These analyses help in identifying aberrant movement
behaviours and evaluating sports technique. The goal is to provide quantitative and
reliable feedback on movement quality, assisting coaches in making more accurate decisions
regarding athlete performance and safety. Additionally, they can be used to investigate the
relationships between movement patterns and injury risk [7].

Generally, motion data describe movement trajectories, each consisting of a temporal
sequence of recorded locations for an object. In this work, we utilize the trajectory of a
marker on the bar to analyse its movement trajectory [8]. Analysing human movement
trajectories as time series is not uncommon and is part of current research [9].
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Despite technological advancements, form analysis during practice of resistance exer-
cises remains a rare feature of monitoring apps. There are some available apps that perform
video motion analysis, such as OpenCap, Mirror AR, Runmatic, Spark Motion, Onform,
and PhysioMaster. However, this functionality, coupled with immediate feedback at the
end of each execution, could bring enormous benefits for training safety and effectiveness.
Automatic analysis of exercise form, for example, would greatly reduce the risk of injuries
and could enable feedback to be provided after each repetition of a resistance exercise [10].

To implement this feature, it is necessary to employ mathematical methods for move-
ment analysis. The trajectory of a movement, as previously mentioned, can be analysed as
a time series that can be compared to a good movement reference and analysed for needed
alterations. To this end, a similarity test can be employed to identify pattern changes
between different executions of an exercise and a standard model established according
to the guidelines and protocols of the National Strength and Conditioning Association
(NSCA) [11].

The Morisita-Horn (MH) dispersion or overlap index [12] is a measure of similarity or
difference between two data sets. The index ranges from 0 (no similarity) to 1 (complete
similarity). It is a measure used in ecology to quantify the overlap between two commu-
nities or species samples. It is particularly useful for assessing the similarity in species
composition between different habitats or populations, allowing for an understanding of
how species share resources or occupy similar niches [12]. In the present study, this index
was adapted for the analysis of two bar-movement trajectories during the execution of the
biceps-curl weight-lifting exercise.

The values obtained for the MH index for correct executions, within an acceptable
range of variation, can be taken as a reference for comparison with executions involving
additional load; these data can then be subjected to an analysis of possible changes. How-
ever, to identify changes in exercise execution patterns (changes in spatial trajectory), a
mathematical model based on fuzzy logic (FL) has shown good results [13]. In this case,
the values obtained with the MH index were used to establish degrees of membership and
rule sets for the FL system.

FL has demonstrated good performance in modelling human thought processes and is
capable of handling uncertainty [14]. It can be designed to simulate how humans think and
make decisions, especially in situations where information is imprecise or incomplete [15].
This is particularly relevant in healthcare and also in physical training, where assessments
often rely on subjective interpretations by the professional making the diagnosis [16]. As
the values of the MH index vary on a scale from 0 to 1, a regression model based on machine
learning called the Support Vector Machine (SVM) model was also applied to quantify the
accuracy of movement, and its performance was compared with that of the model obtained
using FL.

SVM is a machine learning algorithm used for classification and regression that seeks
to find the optimal hyperplane that separates different classes of data. It can be applied to
classify and recognize movement patterns, such as physical activities or gestures [17], aiding
in areas such as rehabilitation [18], sports [19], and human—computer interaction [20].
Additionally, it has a significant advantage in movement analysis: its ability to handle
high-dimensional data and robustness against overfitting (high accuracy on training data
but poor prediction on unseen data) makes it effective for analysing complex movement
data [21,22].

In this study, we aimed to analyse the suitability of the MH index for training a ma-
chine learning procedure to identify movement-pattern alterations during a weight-lifting
exercise. To design the model, a common single-joint exercise (biceps curl with a barbell)
was modelled based on the hypothesis that deviations from the Cartesian coordinates of the
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bar position in the sagittal plane (e.g., horizontal and vertical displacements) that may re-
flect significant pattern alterations due to load increase can be automatically detected using
FL analysis associated with the MH scale. Moreover, the deviations in displacement mea-
sured through traditional means (such as absolute deviations) can be related to similarity
changes detected by the MH index to quantify the degree of similarity between executions
using SVM algorithms. In addition, variance analyses between groups (ANOVA) and
human evaluators might increase the confidence associated with using similarity indices
in modelling with FL. and SVM regression, resulting in a viable approach to employing
mathematical models in automated movement analysis.

2. Materials and Methods
2.1. Participants

Twelve male volunteers, all with more than six months of experience in resistance
training, participated in the study. At the beginning of the tests, the volunteers self-
reported their training sessions, with 8 to 10 maximum repetitions, 3 to 4 sets per ex-
ercise, and 6 to 9 exercises per session, 3 to 5 times per week. Two volunteers were
excluded because they were unable to complete all the repetitions. The remaining ten
(age: 26 £ 4.9 years, height: 177 &£ 8.0 cm, body weight: 86 £ 16 kg) completed all the pro-
posed repetitions. The study was approved by the ethics committee of the local university
(protocol: 17486119.0.0000.5398).

2.2. Procedures

Data collection was conducted in the Laboratory of Human Sports Performance
Optimization (LABOREH). Participants used a green semi-spherical marker measuring
25 mm in diameter that was fixed to the barbell.

The volunteers performed a sequence of three complete repetitions of a biceps-curl
weight-lifting exercise using only the barbell (9 kg/considered no load). After a ten minute
rest, they performed three more repetitions of the exercise with a load (using the barbell
with weights) of 25% of their body weight. This was followed by another break and three
additional repetitions of the biceps-curl weight-lifting exercise with a load of 50% of their
body weight [8]. Volunteers were instructed to perform each set with a similar cadence and
were told this cadence should be close to that used in their daily routine to avoid unusual
performance conditions. Additional guidelines for the performance of the biceps curl were
as follows: (i) the inter-hand distance was measured during the first set and maintained
throughout the attempts; (ii) the exercise was performed with a full range of movement
(with ascending and descending phases), using an external focus; (iii) the participants
were instructed to avoid sagittal oscillations of the trunk and barbell, any movement or
impulse of lower limbs, and exaggerated elevation of the scapulae; and (iv) the technique
was controlled by the researchers via feedback for the participant when a correct technique
was observed [23]:

For the collection of temporal positional data during resistance exercises, a digital
video camera attached to a Galaxy S9 smartphone (Samsung®, Suwon-si, Gyeonggi-do, Ko-
rea) with 12 megapixels and UHD 4K resolution was used. The camera was stationary, with
its optical axis perpendicular to the participant’s sagittal plane, as shown in Figure 1 [8].

The procedure for calibrating the measurements was based on distances between
markers in the background (forming a right triangle) and in a plane coincident with the
participant’s sagittal plane. Additionally, actual measurements of some body segments
of the volunteers (upper arm, forearm) and their actual heights were used to verify the
measurements. This approach made it possible to determine displacement measurements
from the two-dimensional coordinates of the participant in the plane they occupied [8,9].
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Background

Smartphone

5m

Figure 1. Scheme for capturing videos. Image partly generated by Al in: https:/ /firefly.adobe.com/
generate/images (accessed on 14 September 2024).

Video capture in MPEG-4 format was conducted for three complete executions of the
proposed exercises for each of the three load variations. The recordings were made at a
frequency of 30 frames per second [24,25], and the video acquisition time corresponded to
three executions of the respective exercise for each load [8].

Digital processing of the videos was performed using Wondershare Filmora version 9
(Wondershare Filmora, Hong Kong, China) [26] to apply a Chroma Key effect [27] on the
colour of the markers and to apply an Alpha channel [28] to better contrast the markers
with the rest of the environment in the scene. Kinovea 0.8.27 software (Kinovea, Bordeaux,
France) [29] was used for semi-automatic tracking of the markers, and their coordinates
were exported to Extensible Markup Language files. The origin of the Cartesian coordinate
system was assigned to the centre of the marker located on the bar at the beginning of the
upward movement [8].

2.3. Obtaining Displacement Measurements

Displacement measurements were taken from the marker located on the bar and
calculated from its movement in relation to the x-axis, as follows:

Ax = x5 —x; 1)

where Ax is the displacement, Xf is the x-value of the coordinate at the end point, and x; is
the x-value of the coordinate at the origin.
Displacement in relation to the y-axis was calculated as follows:

Ay =y — Vi 2

where Ay is the displacement, yy is the y-value of the coordinate at the endpoint, and y; is
the y-value of the coordinate at the origin.

2.4. Human Evaluators

To obtain a qualitative analysis for comparisons that reflects what is common in
physical assessments, two specialists with over 30 years of experience (experts in evaluation)
visually analysed the performances of the exercises executed with different load variations.
They observed the exercises performed by the volunteers through videos, and their data
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were used as an observational reference for statistical/mathematical models. They used
as a reference the execution performed with only the bar, without added load. When they
observed the executions performed with two different loads, they attempted to identify any
changes in horizontal and vertical displacements versus the reference exercise execution (i.e.,
the silhouette of motion for the repetitions with no load added) [9]. For this observational
analysis, the observer recorded the part of the silhouette that differed from the reference
motion The results of the observer analysis were further tested by ANOVA (see section
below) to determine whether the standard deviation from the reference motion coordinate
was significant and therefore corroborated the results of the observer’s analysis by the
observer; these results were then used to determine whether the alteration in movement
patterns should be incorporated into the movement modelling using FL.

2.5. Statistical Analysis

The descriptive statistics, normality tests, and analysis of variance of the data were
obtained using SPSS® version 22.0.0 (SPSS, Corp, Armonk, NY, USA) [30]. A one-way
ANOVA was conducted to verify the existence of significant differences in the maximum
displacement (vertical and horizontal) during the lifting phase of the exercise as the average
of three full-range joint repetitions with each load. Tukey’s post-hoc test was applied with
a significance level of p < 0.05. Using the maximum values of absolute deviations of
the displacements, a one-way ANOVA was conducted with Tukey’s post-hoc test at a
significance level of p < 0.05 to verify the existence of significant differences in displacement
among the three different loads.

Morisita—Horn Index

The MH index was calculated using Equation (3), which was presented by Horn [12],

as follows: S
2) 7 Xiyi

IMH 2 S 2
EiS: x,‘ Zi: i }i
( 1 le ! Y

where x; is the abundance of species i in sample x; y; is the abundance of species 7 in sample

®)

y; and X and Y are the number of species for the samples. The equation was implemented
using the average of the maximum displacement values from the three no-load executions
(with only the bar) as a reference and compared to the maximum values obtained in the
other executions. The no-load executions (training for correct execution) Ex1, Ex2, and Ex3
generated the average value of maximum displacements, MMDO. This average value was
compared to the other executions, here designated as follows: Ex1_25, Ex2_25, Ex3_25 for
the load of 25% of the subject’s body weight and Ex1_50, Ex2_50, and Ex3_50 for the load
of 50% of the subject’s body weight. The absolute and relative deviation values in relation
to the mean were also obtained.

The results obtained from ANOVA, which showed significant differences in displace-
ment, along with the analysis by the specialists, provided the criteria for modelling marker
positioning data using FL based on the MH indices and absolute deviations found. The
chosen model for identification was Sugeno with 18 inference rules, considering the maxi-
mum absolute deviation obtained via computer vision and the load used (0%, 25%, or 50%).
The FL system, which was implemented using the Fuzzy Logic Designer app, employed
the weighted average defuzzification method.

Since the values of the MH index present a similarity scale, regression was also
performed using SVM. The results obtained from ANOVA, which showed significant
differences in displacement, were also utilized. The entire regression process conducted by
SVM was developed using the Regression Learner app, comparing the following models:
linear SVM, quadratic SVM, cubic SV, fine Gaussian SVM, medium Gaussian SVM, and

85



J. Funct. Morphol. Kinesiol. 2025, 10, 84

coarse Gaussian SVM. In all cases, cross-validation for five groups was used to protect
against overfitting. Pearson correlation calculations, polynomial fit, Morisita—Horn indices,
fuzzy modelling, and SVM modelling were all performed using Matlab® 24.1.0 software
(Matlab, Portola Valley, CA, USA) [31].

3. Results

The averages of the maximum displacement values of the bar during the upward
phase of the exercise for all participants were calculated in centimetres. For a load of 0%,
using only the bar, the average horizontal displacement was 23.7 £ 5.9 cm. For a load of
25%, it was 23.6 = 5.0 cm, and for a load of 50%, it was 24.9 £ 4.3 cm. The average vertical
displacement was 56.8 & 7.7 cm for a load of 0%, 59.6 + 8.5 cm for a load of 25%, and
64.0 + 9.0 cm for a load of 50%.

The maximum values of absolute deviations (in cm) obtained in each execution with
loads of 25% (Ex1_25, Ex2_25, and Ex3_25) and 50% (Ex1_50, Ex2_50, and Ex3_50), using
the average of the maximums from the first three executions (MMDO) as a reference, are
displayed in Tables 1 and 2.

Table 1. Maximum values of absolute horizontal deviations for each volunteer/load.

Absolute Horizontal Deviation Values (cm)

Exec. Vo1 V02 Vo3 Vo4 V05 Vo6 V07 V08 V09 V10
Ex1_25 4.20 10.41 0.88 4.56 3.90 6.71 9.23 4.33 0.55 4.44
Ex2_25 4.07 4.69 5.03 3.82 0.97 2.48 2.62 0.13 4.27 3.78
Ex3_25 5.25 0.98 4.10 5.32 1.35 1.82 0.5 2.73 7.79 4.18
Ex1_50 6.12 4.58 2.47 4.57 5.61 0.15 4.38 1.24 1.45 2.99
Ex2_50 5.42 3.58 0.89 498 4.03 10.15 1.39 3.03 0.44 5.63
Ex3_50 7.55 2.30 0.69 7.63 6.86 4.35 3.63 0.93 1.94 4.05

Ex1_25, execution one at 25% of the subject’s body weight; Ex2_25, execution two at 25% of the subject’s body
weight; Ex3_25, execution three at 25% of the subject’s body weight; Ex1_50, execution one at 50% of the subject’s
body weight; Ex2_50, execution two at 50% of the subject’s body weight; Ex3_50, execution three at 50% of the
subject’s body weight.
Table 2. Maximum values of absolute vertical deviations for each volunteer/load.

Values of Absolute Vertical Deviations (cm)

Exec. Vo1 V02 Vo3 Vo4 V05 Vo6 V07 V08 V09 V10
Ex1_25 1.29 5.61 2.11 0.87 4.25 10.88 18.32 6.03 5.31 10.00
Ex2_25 0.64 5.02 6.27 4.03 3.11 4.43 7.59 1.49 12.01 7.63
Ex3_25 0.68 9.27 5.82 6.31 2.58 3.95 3.01 3.21 9.44 5.03
Ex1_50 7.14 2.82 6.53 15.45 6.51 24.43 15.19 7.94 17.35 15.23
Ex2_50 5.62 6.36 1.48 16.03 4.60 13.69 12.27 3.92 11.87 18.06
Ex3_50 11.8 9.08 0.53 13.78 14.48 18.63 13.82 3.80 11.23 18.54

Ex1_25, execution one at 25% of the subject’s body weight; Ex2_25, execution two at 25% of the subject’s body
weight; Ex3_25, execution three at 25% of the subject’s body weight; Ex1_50, execution one at 50% of the subject’s
body weight; Ex2_50, execution two at 50% of the subject’s body weight; Ex3_50, execution three at 50% of the
subject’s body weight.

In a comparison of the average maximum horizontal displacement values from the first
three executions (using only the bar) with the executions at 25% and 50% of the subject’s
body weight, no significant difference was found within the group. The same comparisons
for vertical displacement showed a significant difference within the group only when the
displacement values with the no-load exercises were compared to displacement values
with the repetitions at 50% of the subject’s body weight, yielding a p-value of p = 0.002.
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Thus, MH indices were calculated for the maximum vertical displacements for each
volunteer for each execution/load. Table 3 displays these index values with comparisons
between MMDO and the maximum values from executions performed at 50% load.

Table 3. Morisita—Horn/Volunteer Indices (vertical).

Morisita—Horn/Volunteer Indices (Vertical)

Exec. Vo1 V02 V03 Vo4 Vo5 Vo6 Vo7 Vo8 V09 V10
Ex1.50 099807 0.99948 099709 0.98621 099712 0.97582 0.98924 0.99626  0.98587  0.98458
Ex2_ 50 099877 0.99744 099983 0.98526 0.99853 0.99155 0.99277 0.99904 0.99299  0.97906
Ex3_50 0.99507 0.99495 099998 0.98882 098705 0.98510 0.99097 0.99910 0.99369  0.97806

The human evaluators conducted a qualitative analysis of the exercises recorded on
video with respect to the load variations. Using as a reference the exercise performed
without added load (with only the bar), they were able to perceive variations only when
the no-load executions were compared with those performed at 50% of the subject’s body
weight. When the assessments by Ev.01 and Ev.02 of the difference between individual
attempts were compared to the ANOVA results, the following results were obtained:
ANOVA and Ev.01 showed 70% agreement, and ANOVA and Ev.02 showed 80% agreement.

As a result, only the values of deviations and MH indices in the comparison between
MMDO and 50% load were used to create the mathematical models. Figure 2 displays
the graph of MH values and absolute deviations with a trendline given by the quadratic
equation, as follows:

y = —3.1026 x 107°x? — 4.1535 x 10~ *x 4 1.0013 (4)

with an R-squared value of 0.92 and a Pearson correlation coefficient of 0.96.

1.005

® Original
1 _.ﬁ - Polynomial Fit
e {‘o
0.995 - * [ ] [ ]
é Neog,
= 0.99 \ ‘
s e
T L \
! [ )
£ 09851 °® ® .
z ~\
= 0.98 L ° \
* N\
0.975 \ id
0.97

10 15 20 25

Absolute deviation (cm)

o
Ul

Figure 2. Scatterplot of MH index values vs. absolute deviation values.

Based on the evaluations of the specialists, a range of absolute deviation values was
established for the identification of statistically significant changes in movement patterns as
a result of increased load. These deviation values, along with the MH index values, served
as the basis for modelling the FL system. A deviation range was established within the
closed interval of [0, 25], with zero representing no error and 25 representing the maximum
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deviation value relative to the mean of the initial position. Figure 3 displays how the system
was created: two inputs, the maximum deviation value from the execution and the load
value (the system was assigned load variation even though no significant difference was
observed by ANOVA), were used. The variation in deviation was subdivided into six parts
using Gaussian functions (Figure 4).

D_Max (6MEFs) Sugeno

Type 1l

/ Degree_accuracy (5 MFs)

Load (3 MFs)

Figure 3. Fuzzy Inference System model.
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Figure 4. Variation in the values of the absolute deviations at the system input.

The output values were modelled with the MH variation within a range of 97 to 100%
(0.97, 1.0) similarity between the comparisons. The values obtained from the FL system
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Morisita-Horn Index
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and the original values are displayed in Figure 5. The Pearson correlation coefficient for
the two sets of values was 0.96, and R-squared = 0.92.
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Figure 5. Comparison between original Morisita-Horn data and data obtained from the fuzzy
logic model.

To compare the methods, a regression model using SVM was also employed. The
model was trained with the absolute deviation values and MH indices for the comparisons
of MMDO with the executions at 50% load. The following models were trained: linear
SVM, quadratic SVM, cubic SVM, fine Gaussian SVM, medium Gaussian SVM, and coarse
Gaussian SVM. The root mean square error (RMSE) and R-squared values are displayed in
Table 4.

Table 4. RMSE and R-squared values for the different SVM models.

. . . Fine Medium Coarse
Linear Quadratic Cubic Gaussian Gaussian Gaussian
RMSE 0.0038507 0.0071847  0.0053830 0.0041965 0.0040772 0.0031715
R-squared 0.72 0.02 0.45 0.66 0.68 0.81

RMSE, root mean square error.
As shown in Table 4, the best SVM model was the coarse Gaussian. With this model,

we obtained the comparison between the original values and those obtained from the
model (Figure 6). The Pearson correlation coefficient for the two sets of values was 0.79.
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Figure 6. Comparison between original Morisita—Horn data and data obtained by the coarse Gaussian
SVM model.

4. Discussion

This study identified disturbances in movement due to increased load during the
execution of a barbell bicep-curl exercise using a similarity index. The use of maximum
absolute deviation for the analyses is justified by the need to identify significant changes in
movement patterns, with the no-load execution serving as the reference. The maximum
absolute deviation values were used to verify the existence of significant differences in
range of motion with the different loads utilized, an approach similar to that used in the
work by Peres et al. [8]. This allows for an assessment of an individual’s ability to lift
a certain load while utilizing muscular contraction to overcome resistance and control
sources of joint instability and thereby ensuring safety and effectiveness in training.

In the biceps-curl weight-lifting exercise, the primary movement is elbow flexion,
which primarily involves the biceps brachii muscle. When weight is added, the force
required to perform the movement increases, resulting in a change in vertical displace-
ment during the exercise; vertical displacement is thus more sensitive than horizontal
displacement to load variations [32]. In contrast, horizontal movement involves rotational
movements that are not the primary focus of the bicep curl. During this exercise, the
involved joints, especially the elbow, do not perform significant movements [8]. The bicep
curl is predominantly a uniaxial movement focused on elbow flexion and extension and
does not involve the lateral or rotational displacements that would be necessary to generate
significant differences in horizontal displacement [23].

Only the comparisons that showed significant differences in displacement were sub-
jected to similarity analysis. The use of the similarity index allowed for the comparison
of two executions of the bar movement as time series. In this study, the MH index was
used to compare the movement performed with only the bar to the movements executed
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with added load. The index ranges in value from 0 to 1, where 0 indicates no similarity
and 1 indicates complete similarity [12]. A high index value suggests that the maximum
deviations of the movements are very similar among the analysed individuals, indicating
consistent technical execution. Lower values may indicate significant variations in tech-
nique or movement execution, which could be relevant for adjustments in training or for
developing personalized rehabilitation or performance programs. The analysis using the
MH index provided a quantitative approach to identifying changes in movement patterns
due to load variations, contributing to a better understanding of the variables that influence
practitioner performance [33]. Table 3 displays the similarity values of the MH index. The
variation of the index ranged from 0.97582 to 0.99998, encompassing absolute deviation
variations within the range of 0.53 to 24.43 cm. This result reflects that the execution move-
ments are similar, but the load variations identified as significantly altering the movement
fall within this range.

The human evaluators, when analysing movement with reference to the execution
performed without added load, were able to observe variations only for executions with
a load of 50% of the subject’s body weight, a result corroborated by the ANOVA results.
The percentage agreement between ANOVA and evaluators for responses identifying or
not identifying significant displacements relative to the established reference (no load)
and other executions (with load) varied between 70% and 80%, while agreement among
evaluators was equal to 90%. In the comparison of the results obtained from ANOVA
and human evaluators, there was good agreement both between the evaluators and the
model and among evaluators in some cases. Good agreement among evaluators indicates
consistency in error perception in human assessment [9,34]. However, evaluating exercise
quality via human judgment is subjective and time-consuming [35].

The results obtained from the MH indices, along with the values of maximum absolute
deviations, are displayed in Figure 2 in a scatterplot with a trendline described by a
quadratic function generated by Matlab® version 24.1.0 [31], which showed an R-squared
value of 0.92, within acceptable limits for model fitting. This fit would already serve to
relate observed values of absolute motion deviations with significance index values of
MH; however, as this work aimed to incorporate characteristics of human experts into
movement assessment, FL. was used for modelling and relating load, vertical absolute
deviation, and similarity index, which was taken to indicate movement disturbance.

With the MH variation values ranging from 0.97582 to 0.99998 and absolute deviation
variations within the range of 0.53 to 24.43 cm, a comparison of results from ANOVA
and human evaluators established a similarity-index variation of 97 to 100% (0.97, 1.0)
for identifying changes in movement patterns, with maximum absolute deviation values
between 0 and 25 cm, where zero indicates no error and 25 represents the maximum
deviation relative to the mean of the initial position.

The FL system was created using the Sugeno inference method, relating the maximum
absolute deviation values from each execution for different loads (0%, 25%, or 50%), even
though significant differences (as measured with similarity index values) were observed
only when the 50% load variation was compared with the 0% load variation. These
similarity index values indicate, within the presented scale, the accuracy of the movement
compared to the no-load reference. This variation can be associated with the degree of
accuracy in performing the movement described in Figure 4, which includes six execution
levels (very low, low, low medium, medium, medium high, and high), represented in
the system by Gaussian functions. In this case, these levels allow for feedback at the end
of the upward execution of the exercise, where the feedback is based on classifying the
executed movement.
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Siow, Chin, and Kubota [35] similarly proposed an FL system to evaluate simple
exercises based on human skeleton poses. Their goal was to provide a more objective
and efficient way to assess exercise quality for older adults. The researchers” approach
consisted of four steps: (1) converting video into a sequence of human skeleton poses;
(2) extracting essential poses from the sequence; (3) generating FL. membership functions
based on pose similarity and exercise completeness; and (4) performing rule inference
and defuzzification to obtain an exercise score. The method was evaluated across four
types of execution: (1) correct exercise, (2) incorrect pose, (3) incomplete sequence, and
(4) different exercise. In our work, we opted to classify performance into five categories:
(1) Total Error, (2) Medium Error, (3) Average Execution, (4) Medium Accuracy, and (5) Total
Accuracy. The authors concluded that their method could distinguish between different
types of exercise executions and provide a reasonable exercise score. They concluded that
this method presents a promising technique for evaluating simple exercises using human
skeleton poses.

Work by Huang et al. [36] also proposed evaluating rehabilitation exercises through
joint tracking in an intelligent system based on FL that was capable of tracking and quanti-
fying joint-movement effectiveness in patients. The evaluation system was developed to
address inaccuracies and uncertainties in joint movements. The inputs from joint move-
ments were transformed into degrees of membership by projecting numerical input values
into a set of membership functions using FL set inference.

After results were obtained with the FL system and compared with polynomial fitting
performed earlier, an additional test was conducted to compare different machine learning
methods: one based on evaluations from experts in resistance-exercise assessment (fuzzy)
and one based solely on similarity related to maximum absolute deviation (using the
same values for fitting presented in Figure 2). Thus, a regression model using SVM was
employed. The RMSE and R-squared results displayed in Table 4 show that the linear and
coarse Gaussian models yielded the best results. The coarse Gaussian model yielded an
R-squared value of 0.81, which was superior to that of the linear model (0.72). The Pearson
correlation coefficient was also calculated for the data obtained from the coarse Gaussian
model and the observed data from original MH indices, yielding a value of 0.79.

A comparison of the initial quadratic fit with the FL. model and the SVM models
reveals that in terms of R-squared and Pearson correlation coefficients, both quadratic
fit and FL models outperform SVM models. Both quadratic fit and FL models yielded
R-squared values equal to 0.92 and correlation coefficients equal to 0.96, while the best
SVM yielded an R-squared of 0.81 and a correlation coefficient of 0.79.

FL is particularly effective in dealing with uncertainties and variabilities in data.
Unlike polynomial fitting, which assumes a precise and deterministic relationship between
variables, as noted by Fouzia, Khenfer, and Boukezzoula [37], FL modelling allows for
working with imprecise or vaguely defined information, better reflecting the complexity
of human joint movements, which can be influenced by multiple nonlinear factors and
complex interactions.

FL modelling offers a more flexible framework for capturing nonlinear relationships.
These models can be adjusted for different conditions or contexts without the need to rewrite
the underlying mathematical function. This is especially useful in biomedical applications,
where data characteristics can vary significantly among individuals or situations [38].

The FL model, particularly the Takagi—Sugeno model, is considered a universal
approximator and has proven to be very accurate in modelling nonlinear systems, often
outperforming polynomial models in terms of accuracy and interpretability. Furthermore,
the flexibility of FL models allows for better adaptation to uncertainties and nonlinearities
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compared to traditional polynomial models. Therefore, in many cases, the FL. model may
be more advantageous [39].

Regarding FL modelling and SVM, although it has already been shown that there are
differences in RMSE and R-squared values that favour the FL. model in this case, there are
still additional advantages to the FL model over SVM for modelling human movement data.
According to Apostolopoulos and colleagues [40], many practical applications related to the
control and modelling of dynamic systems, such as human movements, often see FL-based
systems outperform SVM. This is due to the ability of FL. models to handle uncertainties
and model complex relationships between variables, which is crucial in dynamic and
nonlinear contexts like those associated with human movements, as corroborated by the
work of Anddtjar and Zaitseva [38,39].

FL-based systems are particularly effective at capturing interactions and dependencies
among different factors that influence human behaviour, allowing for more intuitive and in-
terpretable modelling. Additionally, they can be easily adapted to include new information
or variables, which is an advantage in dynamic environments where conditions can change
rapidly. In contrast, while SVMs are powerful in classification and regression tasks, they
may not be as effective at modelling complex dynamic relationships without significant
pre-processing and careful feature selection [40]. Therefore, in contexts where modelling
dynamic systems and interpreting relationships between variables are essential, FL models
may be a superior choice compared to SVMs.

Besides this, the current study did not aim to design a universal reference movement
for a biceps curl from which the model could recognize imperfections in performance by
anyone (e.g., skilled or non-skilled subjects, subjects with disabilities) or dysfunctional
executions. The findings apply only to the alteration of position from the beginning to
the end of an exercise with a load increment. For example, the ascendent (lift) phase was
considered essential in functional terms, since it is based on the ability of the contractile
mechanisms of muscle to produce concentric torque; the muscles must be able to overcome
resistance and perform the exercise with control of the degrees of instability (i.e., keeping
load and body parts within the trajectory expected for the movement), therefore ensuring
optimal performance and safety [41]. In addition, since the analysis of human movement
by human observation is based on large-scale features, with a low level of detail (i.e.,
spatial accuracy and temporal resolution), the size of an alteration of movement that
could be detected by visual examination is dependent on a priori knowledge of the type
of movement or the viewpoint from which the movement is observed [42]. Moreover,
advanced motor performance might show functional variability and that an experienced
observer might judge these functional particularities to be qualitatively different [43].
Therefore, the support of an automated analysis applying a machine learning algorithm
can improve correspondence among judges, assisting them in judging a movement when
no body model is available. To that end, a direct relationship between execution and the
reference motion must be established [44,45].

One limitation of the present method lies in the fact that it evaluates movement dis-
placement in a two-dimensional (2D) manner. In contrast, three-dimensional (3D) analyses
provide a more comprehensive view of movement across different planes, allowing for
the assessment of changes in joint position that may occur to maintain proper posture
under increased load. Moreover, a 3D model including the sagittal plane would provide
more accurate data by avoiding parallax and perspective errors often associated with 2D
analyses [8]. It is important to note, however, that the barbell bicep curl predominantly
occurs in the sagittal plane rather than in the transverse and frontal planes. While the
3D approach presents advantages over 2D analysis, two-dimensional analyses like those
conducted in this study still allow for movement evaluation using data obtained from
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any type of video recording. Other limitations are the small sample size, small number
of evaluators, and low temporal recording resolution (30 Hz). Regarding the temporal
resolution, it is important to note that the movement cadence was not high, so the 30 Hz
video recording was probably sufficient to avoid loss of temporal positional data during the
biceps curl. In addition, it is important to consider that the influence of frame resolution on
automatized image analysis remains to be addressed. Finally, the expert visual analysis of
variations in the trajectory of the movement may be a source of systematized error, since the
level of correspondence between the different trajectories is associated with the accuracy of
the cognitive representation of the movement pattern to be analysed [46]. Therefore, addi-
tional information on the movement to be analysed, such as might be collected via a third
evaluator, detailed kinematics, and inertial information could contribute further insights on
the features to be observed, hence improving confidence in the human analysis [42,44,47].
Future research should consider analysing individuals’ movements across different
planes beyond the sagittal plane using three-dimensional coordinates (3D). This approach
will enable a more detailed investigation into the positional sequence of joints and objects
while allowing for an expansion of the FL system beyond the results obtained through
two-dimensional analysis. Furthermore, future studies using human expertise for visual
examination of movement should try to minimize the sources of errors by assisting the
observation process with the following: (i) more one independent evaluator, since align-
ment between three evaluators trends to increase confidence in the analysis; (ii) detailed
kinematics information (e.g., relative and absolute angle-to-angle curves) regarding limb
position and joint coordinate during the movement; and (iii) the inertial information (e.g.,
3-D vectors of limb or barbell temporal and spatial parameters, as measured using ac-
celerometer, gyroscope, and magnetometer signals) to quantitatively interpret the causes
of movement alterations. Thus, modelling using FL presents itself as a promising tool to
assist in diagnosing motor patterns, with applications ranging from identifying errors in
movement execution during exercise to optimizing motor performance in athletes.

5. Conclusions

The results of the present study indicate that the MH similarity index can be utilized
to identify changes in movement patterns due to increased load during the execution
of the biceps-curl weight-lifting exercise. Furthermore, the indices provide sufficient
information for modelling in automated exercise evaluation systems. It was observed that
variations due to increased load in the horizontal axis are not significant for the biceps-curl
weight-lifting exercise. The comparison between two machine learning models, FL and
SVM, demonstrated the superiority of FL modelling in applications involving human
movement. The analysis conducted here showed that an FL system can provide more
accurate information about movement patterns than human visual observation. Since the
work was carried out using standard video recordings on a smartphone, this highlights
that the use of the FL. model can be easily implemented on mobile devices, emphasizing the
practicality of automated supervision for monitoring movement using smartphone cameras.
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Abstract: Background/Objectives: Becoming an elite canoe slalom athlete requires thousands of
hours of training, spread over many years. It is difficult to assess the correct balance between flatwater
and whitewater training because differences in the paddle forces on these terrains are not known.
The aim of this study was to describe paddle forces during canoe slalom training on flatwater and
whitewater courses for the C1 canoe category. Methods: Paddle forces for twenty C1 canoe slalom
athletes were quantified during all-out figure-of-eight tests on a flatwater course and during race
simulations on a whitewater course. Paddle forces were measured using strain gauges embedded
in the paddle shaft and quantified by their force, impulse, and stroke durations. Results: The mean
force during the pull phase of the paddle strokes was not significantly different between the flatwater
and whitewater courses; however, the longer pull phase durations led to a greater pull phase impulse
when paddling on the whitewater course. Conclusions: This study indicates that training for all-out
runs on a whitewater course is more demanding for canoe slalom athletes than performing all-out
trials on a flatwater figure-of-eight course. This evidence may help to develop effective training plans
that are essential to reach the highest levels of the sport.

Keywords: canoe slalom; force; paddle; stroke; training

1. Introduction

Canoe slalom is an Olympic discipline in which athletes race down a whitewater
course in the fastest time possible while having to negotiate a series of gates that are hung
over the course. Some gates must be negotiated in a downstream direction and some in an
upstream direction, and penalties are accrued for touching or missing the gates. Success
in canoe slalom requires the ability to paddle a boat fast and to manoeuvre effectively
and precisely through the turbulent water features in order to navigate a route through
the gates.

Becoming an elite canoe slalom athlete requires an individual to undertake thousands
of hours of training, spread over many years in the sport. The most important factor in
performance is technique, especially the paddling technique. Performance tests performed
on flatwater are highly correlated with race performance on whitewater [1,2]. However,
in canoe slalom, the characteristics of straight paddling in terms of basic biomechanical
parameters have still not been described sufficiently. Studies were always conducted on
flatwater, focused on the kayaking category only [3,4] or aimed at studying asymmetries [5].

The description of both kinematic (paddling strokes: stroke rate, stroke length; boat
acceleration; boat velocity: peak velocity, mean velocity) and kinetic (paddle forces: peak
force, mean force, impulse) parameters influencing canoe slalom performance is still lacking,
especially on whitewater and in the C1 category (canoe category where athletes kneel in
the boat and use single-bladed paddle).
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In canoe sprint (flatwater speed canoeing), the biomechanical parameters of paddling
have been repeatedly investigated and described (e.g., [6-8]), but due to the completely
different boats (slalom boats are shorter, slower, turn easier, and have greater hydrodynamic
drag), significantly different values can be expected in canoe slalom on the flatwater and
even more on the whitewater. Because we do not know the comparison of the forces
acting on flatwater and whitewater, we often cannot objectively assess the correct balance
between flatwater and whitewater training. Knowing these biomechanical indicators can
help to develop an effective training plan which is essential to reach the highest levels of
the sport, and this requires an understanding of the correct balance and effectiveness of
training on flatwater and on whitewater terrains. We would hypothesise that even when
athletes paddle all-out during flatwater or whitewater training, the additional complexity
of paddling in whitewater will cause greater biomechanical demands during paddling.

Therefore, the aim of this study was to describe the biomechanical parameters of
flatwater and whitewater paddling in men and women in the scientifically less-monitored
Cl1 category.

2. Materials and Methods

This study is part of a larger project, with the flatwater methods and initial findings
published elsewhere [6]. For this study, twenty C1 canoe slalom athletes were tested
(13 males: age 22.0 £ 6.9 years, height 180.0 £ 5.2 m, weight 73.8 &+ 8.3 kg; and 7 females: age
18.0 £ 3.4 years, height 168.4 + 5.9 m, weight 60.4 & 7.2 kg (mean =+ standard deviation)).
The athletes were mostly from the Czech junior and senior national teams, with several
younger athletes from the local club also participating. Athletes were only considered if
they were 15 years or older. All athletes trained regularly and competed internationally in
the testing season. The younger athletes were in the Developmental to National level [9]
and the older athletes were Elite to World-class [9], including 7 who had won medals at
canoe slalom European Championships, World Championships, or Olympic Games. The
athletes all provided oral consent to take part in the study, in accordance with requirements
from the University Office of Research Ethics. Athlete testing occurred on flatwater and
whitewater sections of the canoe slalom training facility at Roudnice na Labem in Czechia.

Athletes initially did their regular warm-up that included dry land stretching and
at least 10 min of paddling (technical strokes, short bouts of speed and acceleration, and
getting accustomed to the testing equipment). Athletes then paddled two sets of figure-
of-eight time trials around two slalom poles that were part of two slalom gates that were
hanging above the water; athletes had a 10 min rest between trials. Athlete times were
started when their torso passed the first pole, they paddled nine lengths (from one pole
to the other), turning to the left around the second pole, and then to the right around
the first pole. The time was stopped when their torso passed the second pole at the end
of the ninth length. Athletes then paddled 1 or 2 timed runs on the whitewater course
(14 downstream and 6 upstream gates), with at least a 15 min rest before each run. The
arrangement of gates on a slalom course is changed for every competition and is influenced
by the water features at each specific site. For this study, a typical competition course was
set by experienced canoe slalom coaches, with the goal of having the fastest time of about
90 s. The performance goal for each of these runs was to achieve the fastest time possible
(including 2 s time penalties for touching the gates).

Details of the equipment calibration, data collection, and processing have been de-
scribed elsewhere [5]. In brief, each athlete paddled their own boat and wore a high-speed
satellite positioning system (10 Hz GPS and GLONAS systems, Glo 2, Garmin, Switzerland)
strapped to their helmet to measure position and speed, and an inertial measurement
unit (recording rate 25 Hz; MetamotionRL, Mbientlab, CA, USA) taped inside their boat
to measure boat orientation and acceleration. Paddle forces were measured using strain
gauges that were embedded in a spigot that was secured in the paddle shafts between the
positions of the top and bottom hands (recording rate 100 Hz; Canoe Power Meter 2nd
Gen., One Giant Leap, Nelson, New Zealand), and they were filmed using a 60 Hz video.
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GPS data were recorded directly onto an Android phone placed in the cockpit, and the IMU
and paddle data were stored on these respective devices and downloaded onto a computer
after each test. The paddle was equipped with medium-sized blades (Revolution, G'Power,
Opatowek, Poland). The strain gauges on the paddle were calibrated at the beginning of
the study by hanging weights from the shaft [5] so that the force acting at the centre of the
area of the paddle blade could be related to the strain in the paddle shaft and the hand
position of the athlete (r? > 0.99).

All data processing was conducted in custom software (Wolfram Research, Inc., Mathe-
matica version 13, Champaign, IL, USA). The baseline strain measurements for the paddles
were taken as the mode of the recorded strains, and this is the typical strain during the
out-of-water transition phase when the paddle is unloaded. Post-processing divided the
data into individual paddle strokes. All types of paddle strokes (on-side or off-side and left
or right) were pooled together. Paddle forces were quantified when their absolute force
exceeded 60 N. Athletes sometimes used back sweep strokes for the upstream gates, which
resulted in negative paddle forces; these strokes accounted for less than 1% of the paddle
strokes and were excluded from further analysis. Paddle strokes were quantified by their
mean paddle force [N] and impulse [N s] during the pull phase, the mean force [N] during
the whole stroke cycle, the pull duration [s] (the time spent pulling on the paddle in the
water during the paddle stroke), and the transition duration [s] (the time between the pull
phases, most often with the paddle out of the water).

The paddle stroke parameters were visualized by their distributions (subdivided
by athletes and flat/white water). For this visualization, the athletes were ranked by
the median paddle force that they achieved on the flatwater course. The paddle stroke
parameters were statistically evaluated by analysis of variance (ANOVA) using the SPSS
version 27 statistical package. Flat/white water was included as a factor, and athlete was
included as a random factor. Effects were deemed to be statistically significant at the
p < 0.05 level. The paddle stroke parameters are described by their estimated marginal
means (with standard error of the mean) that emerged from these ANOVAs.

3. Results

The mean time to complete the flatwater course was 97.45 + 7.18 s (mean =+ s.d.) and
for the whitewater course was 103.41 £ 11.23 s (raw time, not including penalties); the
times were not significantly different between the flatwater and whitewater courses. A
total of 2106 paddle strokes were measured for the flatwater tests, and 1927 strokes for the
whitewater tests (Figures 1 and 2).

The mean force during the pull phase of the paddle strokes was not significantly
different between the flatwater and whitewater courses: 138.0 £ 0.57 N and 137.7 + 0.59 N,
respectively. However, there was a significant difference in the duration of the pull phase:
0.48 £ 0.007 s for the flatwater and 0.61 £ 0.007 s for the whitewater course. This led to
a significantly lower impulse for the pull phase of 68.8 £ 1.05 N s for the flatwater than
87.2 £ 1.09 for the whitewater course.

The transition duration (between the pull phases) was not significantly different
between the flatwater and whitewater courses: 0.45 + 0.005 s and 0.44 &= 0.005 s, respectively.
Thus, the pull phase was a smaller proportion of the whole stroke cycle for the flatwater
course, resulting in a lower mean force for the whole stroke cycle of 73.2 & 0.64 N for
the flatwater compared to 81.8 + 0.66 N for the whitewater course. The paddle stroke
frequency (calculated from the combined pull and transition durations) was 1.08 Hz for the
flatwater course and 0.95 Hz for the whitewater course.
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Figure 2. Mean stroke parameters (with standard error of mean). Strokes for flatwater training are
shown in black, and those for whitewater training are in grey.
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4. Discussion

Comparison of athletes” metabolic energy sources between straight flatwater and
slalom whitewater paddling showed that the energy sources (aerobic versus anaerobic)
were remarkably similar, but the absolute metabolic energy costs are difficult to compare
due to energy requirement being neither maximal nor constant during whitewater slalom
paddling [10]. The mechanical power output during flatwater slalom tests has been de-
termined by using sensors to measure the force, angular velocity, and acceleration in the
paddle shaft [3]; however, the mechanical power on whitewater additionally depends on
the water velocity, which varies continuously throughout a whitewater slalom course, and
so comparisons of mechanical power between flatwater and whitewater courses cannot
be made using only such equipment. In this study, we report the mean paddle force and
pull phase impulse that are measured from instrumented paddle shafts. These parameters
have previously been reported for slalom paddling [3-5,11] and can be directly compared
between flatwater and whitewater situations.

The female athletes completed run times that were on average 9% slower than the
male times. We previously reported [5] that the (flatwater) paddle forces from this study
were lower for female athletes and increased with athlete age (that is partly a proxy of
experience). Nonetheless, the median paddle forces for each athlete in this report showed
a coefficient of determination r?> = 0.94 between the flatwater and whitewater scenarios.
Thus, athletes with strong paddle forces on flatwater likely also produce strong paddle
forces on whitewater, regardless of their sex, age, or experience (Figure 1).

Even though the flatwater course involved both straight sections and turning around
gates, the whitewater course was technically more complex due to the addition of the
moving water. The athletes would have to continuously negotiate through whitewater
features (waves, stoppers, and current differentials) and this requires a more complex
set of paddle strokes. Despite this complexity, we found that the mean paddle forces
during the pull phase of each stroke were similar for the flatwater and whitewater courses
(Figures 1 and 2). The duration of the pull phase was significantly longer for the whitewater
course (Figures 1 and 2). In order to accomplish the myriad of different moves on a
whitewater course, canoe slalom athletes mostly use a range of turning and blended
strokes, which have longer durations than forward strokes [12]. The longer pull phase
durations combined with the similar paddle forces resulted in a greater impulse being
applied during each pull phase. The transition durations between the pull phases of each
stroke were not significantly different between the flatwater and whitewater courses, and
thus the longer pull durations occupied a larger proportion of the whole stroke duration
for whitewater; this can be termed the duty cycle. Thus, the mean paddle force was greater
when expressed over the whole stroke cycle for the whitewater course (Figure 2).

In this study, whitewater testing was always conducted after flatwater testing, leading
to a potential bias for fatigue-based reductions in performance on the whitewater courses.
Despite this, the mean paddle forces in the drive phase were not reduced, and indeed the
overall mean force was higher on the whitewater courses due to the greater duty cycles.
Additionally, athletes must endure the additional stress and challenge of the varying water
features and currents when on a whitewater course. Successfully negotiating whitewater
courses requires additional technical and psychological skills to manage the challenging
water conditions; indeed, flatwater performance becomes less of a predictor of whitewater
performance as the water difficulty increases [2] and these additional demands become
more prominent.

A limitation of this study is that it used one instrumented paddle for all athletes. The
length of the paddle was adjusted to be the same as the athlete’s regular paddle; however,
the paddle may have had a different blade size, mass, and profile than the athlete’s own
paddle (for instance, the instrumentation added 33 g to the mass of the paddle). Thus, the
paddle may have been more similar to some athletes” paddles than to others. This aspect
of the paddle performance would contribute to variance in the subject factor used in the
ANOVA. However, the main effects of the type of water are independent of this factor and
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would be largely insensitive to the influence of the paddle. Additionally, all the other parts
of the athlete’s equipment were their own, and the testing sessions were kept as realistic
as possible.

5. Conclusions

During canoe slalom training on all-out trials in a C1 canoe, a greater impulse is used
for paddle strokes on whitewater compared to flatwater. This finding suggests that training
for all-out runs on a whitewater course is more demanding for canoe slalom athletes than
performing all-out trials on a flatwater figure-of-eight course. This provides more support
for the suggestion that athletes and coaches should consider the importance of training and
preparation races, in advance of important competitions, on whitewater terrain, particularly
on water difficulty that resembles where the competitions will be held [2].
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Abstract: This study aimed to compare neuromuscular fatigability of the elbow flexors and extensors
between athletes with amputation (AMP) and athletes with spinal cord injury (SCI) for maximum
voluntary force (MVF) and rate of force development (RFD). We recruited 20 para-athletes among
those participating at two training camps (2022) for Italian Paralympic veterans. Ten athletes with
SCI (two with tetraplegia and eight with paraplegia) were compared to 10 athletes with amputation
(above the knee, N = 3; below the knee, N = 6; forearm, N = 1). We quantified MVF, RFD at 50,
100, and 150 ms, and maximal RFD (RFDpeak) of elbow flexors and extensors before and after an
incremental arm cranking to voluntary fatigue. We also measured the RFD scaling factor (RFD-SF),
which is the linear relationship between peak force and peak RFD quantified in a series of ballistic
contractions of submaximal amplitude. SCI showed lower levels of MVF and RFD in both muscle
groups (all p values < 0.045). Despite this, the decrease in MVF (Cohen’s d = 0.425, p < 0.001) and
RFDpeak (d = 0.424, p = 0.003) after the incremental test did not show any difference between
pathological conditions. Overall, RFD at 50 ms showed the greatest decrease (d = 0.741, p < 0.001),
RFD at 100 ms showed a small decrease (d = 0.382, p = 0.020), and RFD at 150 ms did not decrease
(p = 0.272). The RFD-SF decreased more in SCI than AMP (p < 0.0001). Muscle fatigability impacted
not only maximal force expressions but also the quickness of ballistic contractions of submaximal
amplitude, particularly in SCI. This may affect various sports and daily living activities of wheelchair
users. Early RFD (i.e., <50 ms) was notably affected by muscle fatigability.

Keywords: explosive strength; fatigability; sport; disability

1. Introduction

Manual wheelchair use involves many physical challenges for the upper limbs, mainly
because of rapid force requirements and prolonged usage resulting in neuromuscular
fatigue [1]. Additionally, the inefficiency of manual wheelchair propulsion as a mode of
ambulation has been highlighted; indeed, in comparison to the legs, arm work is less effi-
cient and more strenuous, resulting in a diminished physical capacity [2]. Neuromuscular
fatigue due to extended wheelchair use may result in muscle coordination changes with a
shift in joint power from the shoulder joint to the elbow [3]. This may result in excessive
strain on elbow flexors and extensor muscles.
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Neuromuscular fatigue is commonly evaluated as the exercise-induced decline in
a muscle’s maximal force-generating capacity. The most widely used indicator is the
isometric maximal voluntary contraction force (MVF) [4]. MVF is calculated over 3to 5 s
maximal isometric contractions. However, in sports and the daily living of para-athletes,
such prolonged contractions are likely never adopted. This lack of task specificity could
lead to an inaccurate estimation of the magnitude of neuromuscular fatigue.

In addition to MVE, the rate of force development (RFD) has recently gained popularity
as a measure of explosive strength in various contexts. RFD is calculated from the ascending
part of the force-time curve during an explosive contraction, either as a mean time-locked
value or a maximal slope of force signal (RFDpeak). This measure has been studied
extensively [5,6], and it is more functionally relevant than pure maximal strength [7,8].
RFD has been shown to be more sensitive than MVF in detecting chronic changes caused
by factors such as disuse [9], strength training [10], and rehabilitation [11], as well as
acute adjustments associated with exercise [12], muscle damage [13], and pain [14]. RFD,
especially early RFD (<50 ms), has been suggested to be largely influenced by neural
mechanisms, mainly in relation to motor unit behaviour [15]. This physiological feature
of RFD may explain why this variable is often more sensitive to changes than MVF [16],
especially when the fatiguing task comprises rapid force production [17]. The analysis of
muscle excitation in the first 50 ms of contraction employing high-density electromyography
(HD-EMG) might provide even more insights into the causes of possible decrement of early
RFD [17-19].

In this context, the protocol normally used to calculate RFD in submaximal amplitude
contractions is the so-called RFD scaling factor (RFD-SF) [20-23]. The protocol consists of a
series of fast, i.e., burst-like, contractions performed at different sub-maximal intensities
(i.e., from 20 to 80% MVF) [24-26]. This means the participants aim to reach a submaximal
force level as rapidly as possible. Such motor tasks mimic, in isometric conditions, the
brief muscle excitation profiles typically observed in locomotion [27,28]. The adoption of
RFD-SF has emerged as an informative measure to quantify the neuromuscular quickness
of submaximal contractions [20,29-31]. For these reasons, we consider it more appropriate
to detect muscle fatigability in real-life conditions [32].

This study aimed to compare neuromuscular fatigability of the elbow flexors and
extensors between athletes with amputation (AMP, being above the knee, below the knee,
or at the level of the forearm) and athletes with spinal cord injury (SCI, either paraplegia or
tetraplegia) for maximum isometric muscle strength and RFD, and between time intervals
for RFD and electromyographic signal amplitude. Comparing SCI and AMP para-athletes
will help foster a more comprehensive understanding of disability sport performance,
leading to better support, training, equipment, and inclusivity for athletes of all abilities.

2. Materials and Methods
2.1. Recruitment and Characteristics of Athletes

The study was conducted in accordance with the Declaration of Helsinki, and the
protocol was approved by the Ethics Committee of the Italian Army Medical Hospital. All
participants read and signed the informed consent form and knew they could withdraw at
any time. A convenience sample of 20 athletes (10 with AMP and 10 with SCI) participating
in two training camps (May and September 2022, Jesolo) for Italian Paralympic veterans
was recruited for this study. The presence of SCI or AMP was applied as inclusion criteria.
Data characterising the volunteers was collected through questionnaires [33]. The Joint
Veteran Defence Center, Scientific Department, Army Medical Center, Rome, Italy, provided
the health condition of each athlete. The main characteristics of athletes are depicted in
Table 1. Wheelchair users typically adopted manual wheelchairs with propulsion assist
devices in their leisure time.
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Table 1. Characteristics of athletes.

AMP SCI
Age, years 433 +2.8 446 +£ 34
Above knee, n =3

Lesion level (incomplete for Below knee, n =6 Tetraplegia (C6-C7), n =3

SClI, prosthesis for AMP) Forearm,n=1 53;?; iﬁlair(lzg;abr} 1:0)7
Wheelchair users (2/10)

Athletics, Basketball, Cycling,  Athletics, Archery, Hand-bike,

Sport practiced Sitting volleyball, Swimming,  Sitting Volleyball, Swimming,
Tennis Power Soccer

Training/h week 53+09 52+1.0

Television/h week 120+ 3.6 11.8 +26

Screening/h week 27977 224 +41

Sleeping/h day 71+£03 76+02
Neurogenic bowel, % - 40%
Neurogenic bladder, % - 40%

AMP: athletes with amputation, SCI: athletes with a spinal cord injury.

2.2. Anthropometric Measurements

Body mass was measured on an electronic scale with an accuracy of 0.01 kg (Wun-
der RW 02, Trezzo sull’Adda, Italy) and calculated by subtracting the weight of the
wheelchair/prosthesis and clothes (weighted separately) from total mass.

2.3. Neuromuscular Function Evaluation
2.3.1. Setup

The participants utilised an identical setup to that previously employed by the au-
thors [34]. In summary, the athletes with AMP were seated on a chair while athletes with
SCI were seated on their wheelchair. All participants had their right arm flexed at a 90°
angle from full extension and slightly abducted from the trunk (approximately 15°). The
wrist was immobilised using non-elastic straps and a custom-built telescopic support. A
strain gauge load cell (Model TF 022, CCt transducers, Turin, Italy) was connected to record
compression and extension forces. The hand and forearm were positioned neutrally, and
real-time visual feedback was displayed on a 48 cm x 27 cm computer screen. The force
and EMG signals were sampled at a rate of 2048 Hz and converted to digital data using a
16-bit A/D converter (Sessantaquattro, OT Bioelettronica, Turin, Italy).

2.3.2. High-Density Surface Electromyography

Two bidimensional HD-sEMG matrices of 32 electrodes each (4 rows x 8 columns,
8 mm inter-electrode distance, gold-coated; model: GROSMMO0805, OT Bioelettronica, Turin,
Italy) were placed over the right upper limb. The first was placed over the long head
of the biceps brachii, and the second over the later head of the triceps brachii [35]. The
reference electrode (24 mm, model: CDE-S. OT Bioelettronica, Turin, Italy) was placed on
the acromion of the same limb; a strap ground electrode, dampened with water, was placed
around the wrist. Before the array application, the skin was prepared to remove body hair,
slightly abraded with an abrasive paste, and finally cleaned with water [36].

To ensure proper electrode—skin contact, the electrode cavities of the matrices were
filled with 20-30 IL of conductive paste (Spes-Medica, Battipaglia, Italy). The electrode
arrays were fixed with an extensible dressing. The EMG signals were amplified (gain 150),
sampled at 2048 Hz, bandpass filtered (20-450 Hz, Butterworth 4th order) and converted
to digital data with a 16-bit A/D converter (Sessantaquattro; OT Bioelettronica, Turin,
Italy). Signals, in single-differential configuration, were visualised during acquisition
and then stored on a personal computer using OT BioLab+ software version 1.5.5.0 (OT
Bioelettronica, Turin, Italy) for further analysis.
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2.3.3. Procedures

The experimenters paid particular attention to avoiding movement in the torso and
shoulders during the execution of contractions. Additionally, participants were instructed
to avoid activating their trapezius muscles during elbow flexion and leaning their body
forward during elbow extension. All test sessions were conducted by the same investigators,
and participants were given standardised verbal encouragement during the execution of
maximal voluntary and rapid contractions.

The protocol started with a warm-up comprising 10 submaximal isometric contrac-
tions ranging from 20% to 80% of the perceived maximum force and the familiarisation
with ballistic contractions (details to follow). Then, participants performed two maximal
voluntary isometric contractions and the RFD-SF protocol before (PRE) and immediately
after (POST) a graded arm cranking test, until task failure. The POST session started on
average 3 £ 1 min after the end of the graded test.

To measure MVF at PRE, two 5 s maximal voluntary contractions were performed if
the difference in MVF between the two trials was greater than 5%.

The RFD-SF protocol (Figure 1, left panel) began two minutes after the last maxi-
mal voluntary contractions. The original RFD-SF protocol requires the performance of
125 ballistic (burst-like, see Figure 1, right panel) isometric contractions across a full range
of submaximal amplitudes [29]. The study utilised a shortened version of the original
protocol, which consisted of at least 36 contractions and demonstrated reliable results [37].
Participants were instructed to perform 12 ballistic isometric contractions, interspersed
by 5 s, at 20%, 40%, 60%, and 80% of their MVF, totalling 48 contractions. The levels
of force required were randomised between participants and kept withing participants
between PRE and POST. They were required to produce rapid contractions with peak
forces reaching approximately +10% of the target force. Each pulse was controlled by
standardised acoustic cues. If a ballistic isometric contraction was not performed correctly,
it was repeated. No changes in content were made. The computer screen displayed the
range force as a horizontal band with a width of 20% MVE. Participants were instructed to
perform each isometric torque pulse as quickly as possible and then relax immediately. The
focus was on the speed of the contraction rather than the precision.
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Figure 1. In the left panel, the upper part of the graph shows a representative example of the force
signal recorded during the evaluation of the elbow extensor muscles of an amputee subject. The lower
part of the graph shows the electromyographic (HD-EMG) signals from one of the four columns of
electrodes that are part of the array placed on the triceps brachii (lateral head). In the right panel, the
magnification of one repetition is plotted. As can be seen, the active phase of the muscle contraction
lasts about 200 ms.

2.4. Incremental Arm-Cranking Graded Test

Athletes used an incremental graded arm-cranking ergometer to voluntary fatigue [23,24].
The purpose of the graded test was only to induce muscle fatigability; however, cardiorespira-
tory measurements were obtained using the wearable metabolic system K5 metabolimeter
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(COSMED, Rome, Italy) and under continuous heart rate monitoring (data not presented
herein).

2.5. Signal Processing
2.5.1. Onset Determination and Time Windows

The signal processing was performed using custom-written software in MATLAB (ver.
2023a, he MathWorks Inc., Natick, MA, USA). Force onsets were automatically detected
through a hand-customised MATLAB code [7,38]. In the case that contractions presented
countermovement or pretension, they were removed from the analysis. On average, no
more than 3 contractions were removed from voluntary contraction at each time point (i.e.,
PRE and POST) for each subject. The EMG time windows were calculated from EMG onset,
whilst force time windows were calculated from force onset. Therefore, EMG and force
time windows (i.e., the windows of 50, 100, and 150 ms) were shifted by the time difference
between EMG and force onsets (i.e., electromechanical delay), which we arbitrarily set to
15 ms based on previous studies on voluntary contractions [17].

2.5.2. Force Signal

The force signals were low-pass filtered at 100 Hz using a fourth-order zero-lag
Butterworth. MVF was measured from the 5 s maximum voluntary contractions, and it
was defined as the highest force over the two trials performed at PRE and the single trial
performed at POST. All RFD parameters were calculated from the burst-like contractions of
the RFD-SF protocol. RFD (Aforce/Atime) was estimated at 50, 100, and 150 ms (defined as
RFD50, RFD100, RFD150). Maximum RFD (RFDpeak) was calculated as the maximum first
derivative of the force signal from the onset of contraction using a 20 ms moving average
window [39].

To calculate the RFD-SF, the force signal was pre-processed using an overlapping
moving window of 0.1 s [20,32,40]. The use of a moving window was preferred over a 5 Hz
low-pass filter to avoid introducing aberrations in the signals, which are typically evident
as a force signal below zero just before the onset of contraction. Next, the RFD signal was
obtained by computing the first derivative of the force signal. The peak force and RFDpeak
(the local maximum of the RFD signal) were determined for each ballistic contraction. The
RFD-SF was calculated by determining the linear regression slope between peak force
and peak RFD for each contraction. RFD-SF measures how RFD scales with force in a
range of submaximal contractions, providing a quantification of quickness across a span of
intensities. Outliers were identified and removed using the Cook distance methodology to
improve the fit of the linear regression [41].

2.5.3. High-Density Surface Electromyography

EMG channels with excessive noise or artefacts were removed after visual analysis.
Then, we identified the innervation zone for each matrix of electrodes and selected the chan-
nels with propagating action potentials. Single-differential EMG signals were calculated
for each column and visually inspected. Four to eight single-differential EMG channels
with clear motor unit action potential propagation without shape change from the nearest
innervation zone to the distal tendon were chosen for the analysis.

The amplitude of voluntary HD-sEMG signals was assessed as the root mean square
(RMS) across all available channels. RMS calculated at 50, 100, and 150 ms from EMG onset
(defined as RMS50, RMS100, RMS150) was then averaged across channels to obtain a single
value for each muscle. This procedure produces more reliable results in voluntary and
evoked contractions [42].

2.6. Statistical Analysis

Statistical analysis was performed in R (ver. 3.5.2, R Development Core Team, 2009) and
JASP (JASP team, version 0.18.3). First, we adopted a series of repeated-measure ANOVAs to
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compare the trend of each mechanical and EMG variable in time (PRE vs. POST), between
conditions (SCI vs. AMP), and between time intervals (50, 100, and 150 ms).

Then, to answer the main experimental question, we analysed the peakRFD with
multilevel mixed linear regression analysis through the package Ime4 Version 1.1.19. Linear
mixed-effects models are particularly suitable in this experimental design, as participants
performed dozens of contractions with each muscle group, and the model accounts for
such a hierarchical data structure. We adopted the peak force reached in each contraction,
time (PRE vs. POST), muscle group (elbow flexors vs. extensors), and condition (SCI vs.
AMP) as fixed factors, and we considered the random intercept over participants and the
random slope of muscle group (as each muscle group, within each participant, may have
different levels of strength):

peakRFD ~ peak force x time X muscle x condition + (muscle | subjects)

Paired, two-tailed Student’s ¢-tests were used to compare the other parameters between
PRE vs. POST. The Kolmogorov-Smirnov normality test was used to assess distribution
normality. Post hoc analysis was adjusted with Bonferroni corrections. The level of statisti-
cal significance was set to p < 0.05. In graphs, data are reported as mean and 95% confidence
intervals (C.I.). The effect size in ANOVA analysis was reported as partial eta squared
n2. The magnitude of the difference between PRE vs. POST was calculated as Cohen’s d
effect size. Threshold values for effect size statistics were <0.2, trivial; >0.2, small; >0.5,
moderate; >0.8, large; and >1.4, very large.

3. Results
3.1. Incremental Arm-Cranking Graded Test

AMP reached greater peak power output than SCI (AMP:128.0 £ 6.1 W, SCI88.0 = 9.0 W,
p < 0.001). AMP also reached greater peak HR (AMP: 171.5 £ 5.4 beats/min, SCI 131.7 4= 14.5
beats/min, p < 0.05) and VOZpeak (AMP: 344 + 2.8 mL/kg/min, SCI 23.1 £+ 1.2 mL/kg/min,
p <0.001).

3.2. Neuromuscular Function Differences between AMP and SCI

As shown in Figure 2, SCI showed lower levels of maximum strength and explosive
force capacity compared to AMP. In particular, SCI showed lower MVF in both elbow flexor
muscles (d = 0.460, p = 0.045) and extensor muscles (d = 0.700, p = 0.003). Similarly, RFD
in SCI was lower in both elbow flexor muscles (d = 0.400, p = 0.045) and extensor muscles
(d =0.500, p = 0.032).
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Figure 2. The level of maximum voluntary force (MVF) and rate of force development (RFD) of the
elbow flexor and extensor muscles in athletes with amputation (AMP) and athletes with a spinal cord
injury (SCI) for elbow flexors (A,C) and elbow extensors (B,D). * p < 0.05, ** p < 0.01.
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3.3. Fatigability Effect on Neuromuscular Function

As can be seen in Figure 3A,B, there was a significant effect of the fatiguing task on MVF
(F =194, np% = 0.520, p < 0.001) both in SCI and AMP. There was no statistically significant
interaction between the groups in fatigue susceptibility (group x time interaction: F = 1.3,
npz =0.067, p = 0.269). However, as can be seen in Figure 2D, SCI appeared to have no signs
of fatigue on the elbow extensor muscles, as force levels remained constant (PRE 155 £ 56 N;
POST: 155 £ 69 N). As can be seen in Figure 4C,D, there was a moderate effect of the fatiguing
task on RFD (F = 12.0, np? = 0.401, p = 0.003). In fact, RFD force decreased in both groups
(p < 0.01 for all muscle groups, see Figure 4C,D). There was no statistically significant interac-
tion between groups in fatigue susceptibility (group x time interaction: F = 1.3, nP2 =0.007,

p =0.719).
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Figure 3. Maximum voluntary force (MVF) and rate of force development (RFDpeak) of the elbow
flexor and extensor muscles in athletes with amputation (AMP) and athletes with a spinal cord injury
(SCI) are reported for PRE and POST for elbow flexors (A,C) and elbow extensors (B,D). ** p < 0.01,
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Figure 4. Rate of force development (RFD) values (mean and 95% CI) before (PRE) and after (POST)
a maximal arm ergometer test (fatiguing task) are reported. Values are shown for the elbow flexor (A)
and elbow extensor (B) muscles and are reported separately for 50, 100, and 150 ms time intervals.
As the condition did not emerge as a significant factor, the two groups (AMP and SCI) were merged.
*** p < 0.001.
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The time-locked analysis of RFD showed that there was no interaction with the
condition (SCI vs. AMP, all p values greater than 0.185); therefore, the results are presented
by merging the two groups together (Figure 4). There was not an interval X muscle x time
interaction (p = 0.576), but there was an interval x time interaction (F =11.2, npz =0.385,
p < 0.001) suggesting that the two muscle groups behaved similarly, but some time intervals
were more susceptible to fatigue than others. Post hoc analysis showed that RFD50 showed
the greatest decrease (d = 0.741, p < 0.001), RFD100 showed a small decrease (d = 0.382,
p = 0.020), and RFD150 did not decrease (p = 0.272). The post hoc results within each muscle
group are reported in Figure 4.

The time-locked analysis of RMS showed that there was not any interaction with the
condition (SCI vs. AMP, all p values greater than 0.122); therefore, the results are presented
by merging the two groups together (Figure 5). There was no interval x muscle x time
interaction (p = 0.922), but there was an interval x time interaction (F = 7.0, np2 =0.293,
p = 0.003), suggesting that the two muscle groups behaved similarly, but some time intervals
were more susceptible to fatigue than others. However, post hoc analysis did not detect any
significant differences, even though the RMS50 tended to decrease with time and RMS100
and RMS150 tended to increase with time (see Figure 5).
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Figure 5. Electromyographic signal amplitude (RMS) values (mean and 95% CI) before (PRE) and
after (POST) a maximal arm ergometer test (fatiguing task) are reported. Values are shown for the
elbow flexor (A) and elbow extensor (B) muscles and are reported separately for 50, 100, and 150 ms
time intervals. As the condition did not emerge as a significant factor, the two groups (AMP and SCI)
were merged.

At POST, participants reached lower levels of force (—12%, d = 0.257, p = 0.002) during
the rapid burst-like contractions compared to PRE (see Figure 6, F = 12.6, 1, = 0.414).
There was no interaction with the muscle group or condition (p = 0.837).
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Figure 6. Representative example of the force recorded during all explosive muscle contractions
performed before (blue) and after (red) the fatiguing task in an amputee subject in elbow flexors (A)
and extensors (B).
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The linear hierarchical model analysing RFD in the RFD-SF protocol showed that
there was a peak force x time interaction (F = 72.3, p < 0.0001), meaning that the linear
relationship between the peak force and RFD reached in each contraction changed between
PRE and POST (Figure 7). Indeed, the estimate of RFD-SF merging all participants, i.e.,
the slope of the linear regression between peak force and peak RFD of all contractions and
participants, decreased after the fatiguing task (Figure 7). There was also a significant peak
force x time x condition (F = 20.8, p < 0.0001), showing that SCI had a larger decrease in
RFD-SF than AMP. In particular, RFD-SF decreased from 15.0 to 14.1 in elbow extensors
of AMP (Figure 7A), from 18.4 to 16.8 in elbow flexors of AMP (Figure 7B), from 17.0 to
14.3 in elbow extensors of SCI (Figure 7C), and from 16.6 to 13.6 in elbow flexors of SCI
(Figure 7D).
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Figure 7. Peak rate of force development (RFD) is plotted against the peak force reached in each
contraction of the RFD-SF protocol before (PRE) and after (POST) the fatiguing task. Values are shown
for the elbow extensor (EXT, (A,C)) and elbow flexor muscles (FLE, (B,D)) separately for subjects
with amputation (AMP, (A,B)) and with spinal cord injury (SCI, (C,D)).

4. Discussion

This study aimed to assess neuromuscular fatigue by comparing rapid force produc-
tion between athletes with amputation (AMP) and spinal cord injury (SCI) in their elbow
flexors and extensors. The present experimental setup involved a series of rapid isometric
contractions at various submaximal intensities, mimicking brief muscle excitation profiles
observed in various daily life activities. This approach aimed to provide a more functionally
relevant measure of muscle fatigue. The participants, comprising AMP and SCI athletes,
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underwent neuromuscular function evaluations before and after a graded arm cranking test
to voluntary fatigue. We found that (1) at PRE, SCI had lower MVF and RFDpeak values
than AMP (all d values were ~ 0.4-0.5); (2) after the fatiguing task, SCI and AMP showed a
similar decrease of both MVF and RFDpeak (all d values were ~0.4); (3) in the time-locked
analysis of RFD, both groups showed a larger reduction in RFD50 (d = 0.7) compared to
RFD100 (d = 0.4) and RFD 150 (not affected); (4) overall, the amplitude of HD-EMG did
not change in all time intervals (Figure 5); (5) at POST, the RFD-SF decreased, more in SCI
than in AMP, meaning that the quickness of ballistic contractions of submaximal amplitude
decreased after the fatiguing task (Figures 6 and 7).

4.1. Differences and Similarities between SCI and AMP

The SCI athletes exhibited lower MVF and RFD levels than AMP athletes in both
elbow flexors and extensors (Figure 2). These findings underscore the differential impact
of spinal cord injury versus limb amputation on the neuromuscular function of the upper
limb. Additionally, both groups demonstrated decreased RFD and MVF following the
fatiguing task (Figure 3), suggesting similar susceptibility to fatigue across populations,
albeit by varying degrees. Interestingly, while both groups exhibited fatigue, SCI athletes
showed no signs of fatigue in the elbow extensor muscles, as force levels remained constant.
This observation could suggest differential fatigue patterns between muscle groups or
adaptations specific to the SCI population. More likely, many SCI athletes in our sample
could barely activate their elbow extensor (as can be seen from the force produced, see
Figure 2). Therefore, that muscle group probably did not perform sufficient muscle work
during the fatigue test to generate signs of muscle fatigue. In other words, elbow extensors
did not fatigue through exercise because they were not activated enough to disturb the
metabolic condition. Further investigations are warranted to elucidate these findings.

4.2. Fatigability Expressed as Reduction of MVF or RFDpeak

The study highlighted the importance of task specificity in evaluating neuromuscular
fatigue, particularly in para-athletes whose daily activities may not involve prolonged
maximal contractions. While MVF is a standard measure, it may not accurately reflect the
fatigue experienced during more functional tasks. RFD, especially early RFD (<50 ms from
the contraction onset), has been suggested to be more sensitive to changes in neuromuscular
function due to fatigue [16,43,44], potentially because of its reliance on neural mechanisms
related to motor unit behaviour [45]. The time-locked analysis of RFD revealed a significant
decrease across time intervals, with the greatest decrease observed at RFD50, followed by
a smaller decrease at RFD100, and no change at RFD150. This pattern suggests that the
early phase of force production is particularly susceptible to fatigue, which aligns with
previous research highlighting the importance of early rapid force generation in the fatigued
condition [17]. Of note, those reductions were similar in SCI and AMP, suggesting the two
groups of para-athletes had similar susceptibility to fatigue induced by an incremental test
at the arm ergometer.

4.3. Contraction Quickness in Ballistic Contractions of Submaximal Amplitude

The adoption of RFD-SF to quantify neuromuscular quickness [46] has been applied
to detect asymmetries [34,47,48], ageing [29,49], and neuromuscular disorders [50]. Nev-
ertheless, using the RFD-SF, two previous studies failed to detect neuromuscular [30] or
mental fatigue [49]. In the present study, we demonstrated for the first time that RFD-SF
is susceptible to neuromuscular fatigability induced by an incremental arm-cranking test.
Beyond the fact that the previous study was conducted on the lower limbs [30], the shorter
recovery in the present study (=3 min) compared to the previous one (5-8 min) may have
limited the recovery of fatigue, thus allowing its detection through RFD-SF protocol.

Here, we found that the capacity to perform ballistic contractions of submaximal
amplitude is altered in the presence of fatigue (Figure 7). While the present study cannot
identify the physiological cause for this impairment (as the HD-EMG amplitude did not
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change over time, Figure 5), it is possible to speculate on the consequences of this finding.
Neuromuscular fatigability has always been detected using maximal contractions because
it was operationally defined as a decrease in muscle strength/power [4]. However, the fact
that the maximal strength decreases does not necessarily mean that the strength available in
rapid contractions of submaximal force levels decreases. Therefore, it would be relevant to
directly measure the reduction in capacities of performing short rapid contractions, much
shorter than those required to measure MVF, like the ones typically used in the stroke to
push a wheelchair. With the RFD-SF protocol, we demonstrated a quickness reduction
in muscle contraction modality that is more relevant for both athletic performance and
daily activities, particularly among para-athletes. Furthermore, we demonstrated that
people with spinal cord injury might be more susceptible to fatigability in this specific
task (Figure 7). The present findings contribute to our understanding of neuromuscular
fatigue in para-athletes and underscore the importance of task-specific assessments. Future
research should explore the physiological roots of this behaviour, considering the unique
challenges posed by different impairments.

4.4. Electromyographic Parameters

The muscle activation, measured as the RMS of the HD-EMG signal, was calculated in
50 ms time intervals from the onset of muscle contractions. The fact that the amplitude of
the EMG signal did not decrease (Figure 5) can be explained in two ways: (1) there was
no decrease in the neural command under fatigue conditions; (2) there was a decrease in
the neural command, but the amplitude estimation was affected by confounding factors
intrinsic to the electromyographic evaluation (such as the phenomenon of amplitude
cancellation) that overestimate the amplitude of the signal under fatigue conditions. In any
case, the fact that the amplitude of the EMG signal did not decrease suggests that there
was no appreciable decrease in neural activation during the explosive contractions and,
therefore, central fatigue was limited. Consequently, the decrease in rapid force production
that herein reported is probably due to factors of peripheral origin (e.g., decreased muscle
contractility).

4.5. Limitations

The sample size of the present study is small in absolute terms. However, considering
the small number of people in the reference population, i.e., Italian paralympic veterans,
which comprises a few dozen people, the number of participants recruited in the present
study was considerable. Furthermore, the presence of two wheelchair users in the group
with amputation might have slightly confused the results. It would have been useful to test
the fatigability of the shoulder muscles as well. However, we had to reduce the number
of muscles tested in order to reduce the testing time, especially at POST. This is because
increasing the number of muscles tested would have increased the recovery time, i.e.,
the time between the end of the exercise and the test, thus invalidating the measures of
fatigue. Furthermore, measuring the actual torque instead of force would have improved
the reliability of our results.

5. Conclusions

We firstly demonstrated that muscle fatigability impacts not only maximal force
expression, i.e., maximal strength (i.e., MVF) and maximal quickness (RFDpeak), but also
the quickness of ballistic contractions of submaximal amplitudes, especially in para-athletes
with spinal cord injury. Consequently, the effects of muscle fatigability can be seen also
during many sports and daily living activities of wheelchair users. We also found that early
RFD, i.e., the quickness of the first 50 ms of muscle contraction, were particularly affected
by muscle fatigability, further highlighting the importance of evaluating the RFD with the
adoption of time-locked intervals instead of only RFDpeak. As expected, lower muscle
strength and explosive capacity were observed in para-athletes with spinal cord injury
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compared to those with lower limb amputation; however, the two groups of para-athletes
showed an equal decrease in strength despite starting from lower initial strength levels.
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Abstract: Background: In volleyball, the upper limb dimensions and grip strength greatly influence
offensive and defensive movements during a match. However, the relationship between these
parameters remains underexplored in elite female volleyball players. Objective: This study aimed to
contrast the upper limb anthropometric characteristics and handgrip strength (HGS) of female elite
volleyball players against a control group. Methods: Selected upper limb anthropometric parameters
and maximal HGS of 42 female volleyball players and 40 non-athletes were measured. Results:
Players exhibited higher values in almost all variables studied than non-athletes. The differences
were statistically significant (p < 0.001) except for body mass index and elbow and wrist diameters.
Players showed a moderate correlation between dominant HGS and hand parameters (length r = 0.43
and breadth r = 0.63; p < 0.05). Weak correlations were identified with height, upper arm length, elbow
diameter, and hand shape index (r = 0.32 to 0.38; p < 0.05). In the non-dominant hand, a moderate
correlation with handbreadth (r = 0.55, p < 0.01) and weak correlations with upper arm length, wrist
diameter, hand length, and hand shape index (r = 0.32 to 0.35; p < 0.05) was found. Conclusions:
These findings underscore the importance of the upper limb anthropometric parameters as predictors
of HGS and their utility in athlete selection. Future research should investigate biomechanical factors
influencing HGS and injury prevention.

Keywords: grip strength; female athletes; hand dimensions; talent selection

1. Introduction

Volleyball sport requires several high-intensity and high-velocity actions combined
with explosive exertions interspersed with short resting intervals [1]. During the game,
success largely depends on motor abilities, particularly muscle strength conditioning, both
in the lower and upper limbs. In elite female matches, technical actions that produce the
highest score rely on the continuous engagement of the wrist and digit flexor, including
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attack (76.8-80%), block (14.5-15.6%), and serve (4.4-8.1%) [2,3]. Consequently, upper
extremity and grip strength are fundamental to the sport, being the primary physical
factors influencing these specific movements.

Additionally, some anthropometric measurements and morphological characteristics
(e.g., height, weight, body composition, arm, and hand dimensions) impact the player’s
performance across this game, making all shots and passes work more efficiently when
there is a larger hand surface and longer, stronger fingers [4,5]. For this reason, handgrip
strength (HGS) and anthropometric dimensions have been investigated in other popular
sports, such as basketball, softball, and handball, where the relationship between hand
and ball is fundamental [6]. Nevertheless, in female volleyball players, research has
extensively reported on the relationship between the strength of the lower limbs and
volleyball success [7,8], with few authors investigating anthropometric and muscle strength
in the upper limbs. For instance, Khanna and Koley found higher values in HGS, height,
hand, and arm anthropometrics compared to the reference group (p < 0.05) [4]. Additionally,
Koley and Kaur reported weak to moderate positive correlations (r = 0.28 to 0.48) between
upper limb anthropometric variables (i.e., arm length, hand breadth, and hand length) and
HGS among Indian inter-university female volleyball players [9].

HGS test has been extensively used to assess upper limb strength across various
sports, with high levels of HGS identified as a critical factor for success. Recently, the
relationship between HGS and serve reception efficiency has been reported in volleyball
players, indicating that HGS is a key element in achieving success during games. Similarly,
moderate correlations have also been reported between HGS and both the velocity of
serving and spike [10,11]. These findings indicate that HGS assessment is a valuable tool
for identifying talent, strengths, and weaknesses in the physical condition of volleyball
players. Moreover, it is considered a non-invasive and cost-effective method for collecting
extensive data [12].

Several anthropometric characteristics of the upper limbs are different across sports
in female athletes. Thus, while hand breath and hand length were greater in basketball
collegiate athletes as compared to the handball ones [6], these measurements, along with
the forearm length and forearm circumference, were reported to be greater in a group of
athletes as compared to non-athletes (national basketball players, collegian handball players,
collegian volleyball players, and collegian wrestlers) [13]. Similarly, when comparing
anthropometric measurements of elite volleyball players and non-athletes, researchers
found that an athlete’s hand measurements, such as hand length and hand finger length,
but not hand width, were greater in the dominant hand [14]. Therefore, hand dimensions,
including the aforementioned, are interrelated and have been described to significantly
contribute to the techniques applied in grappling sports such as volleyball [13].

Although several studies have emphasized the link between upper limb anthropo-
metric variables, HGS, and the specific skills required for volleyball players [9,11,14], the
interplay between hand, forearm, and arm-anthropometric variables with HGS in elite fe-
male volleyball players remains largely unreported. Moreover, the influence of the practice
of volleyball in HGS and some upper limbs anthropometric variables is unknown.

Hence, this study has two aims: (i) To contrast the upper limb anthropometric charac-
teristics and HGS of female Latin American elite volleyball players against a control group,
and (ii) To determine the relationship between these variables in female volleyball players.
The present study has two hypotheses: (i) Latin American female volleyball players will
have greater upper limb dimensions and HGS than the controls, and (ii) HGS will correlate
with upper limb anthropometric variables.

2. Materials and Methods
2.1. Participants

A cross-sectional analytical study was conducted during the “International Cup Ciu-
dad de Bucaramanga”, which took place in July 2022 in Bucaramanga-Colombia. Forty-two
female volleyball players belonging to the national teams of Chile (n = 13), Colombia
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(n =17), and Mexico (n = 13) were examined (age: 24.63 £ 5.31 yrs; height: 1.68 + 0.04 m;
weight: 67.26 + 8.46 kg; years of volleyball experience: 10.45 4-5.14 yrs). The control
group was comprised of forty non-athlete young females (age 22.81 £ 2.27; body height
158 + 0.06 cm; body weight 57.61 + 5.99 kg). These participants were physically inactive
university students from Unidades Tecnoldgicas de Santander in Bucaramanga, Colombia.

All the participants were informed of the purposes and content of the study; written
informed consents were obtained from each player and woman in the control group. The
research complied with the Helsinki Declaration and the protocol was approved by the
Ethics Committee for Human Beings from the Unidades Tecnoldgicas de Santander, no.
0010-2022/02.05.2022.

2.2. Selection Criteria

The inclusion criteria were as follows: (a) for the control group, do not report more
than 150 weekly minutes of moderate-intensity physical exercise (<600 METS-min/week)
in the short version of the International Physical Activity Questionnaire (IPAQ); (b) free
of any neuromuscular, orthopedic, or neurological conditions that might interfere with
their sports performance, hand function, anthropometric characteristics and activities of
daily living.

2.3. Procedures

For volleyball players, all data were collected before training in a private room in the
Bicentenario Volleyball Coliseum under natural environmental conditions in the morning
(between 8:00-11:00 a.m.).

Regarding the control group, data were collected throughout the same month at
the sports science laboratory of the Unidades Tecnoldgicas de Santander under the same
conditions as volleyball players. The entire sampling was assessed by the same two
researchers with nine years of experience in sports research. Evaluations were conducted
in the following order: body composition, upper limb anthropometric variables and finally
the Handgrip strength assessment. Finally, to standardize the measurement technique of
HGS, the investigator underwent training which included the participant’s position and
verbal encouragement.

2.4. Body Composition and Anthropometric Parameters

All the assessments were conducted by a level 2 anthropometrist, following the
international standards for anthropometric assessment published by the International
Society for the Advancement of Kinanthropometry—ISAK. For data analysis, the averages
of two measurements of each anthropometric variable were calculated and processed.

Height was measured with the participants in bare feet using a mechanical stadiometer
platform (Seca® 274, Hamburg, Germany; TEM = 0.019%). The movable headpiece was
brought down to touch the top of their heads during deep inhalation, and the measurements
were recorded in centimeters and rounded to the nearest 0.5 cm.

For body composition evaluation, a bioelectrical impedance device was used (TANITA
BC 240, Tokyo, Japan), with measurements rounded to the nearest 0.1. Before the mea-
surement, athletes were required not to carry metal objects, not to consume any caffeine
or diuretics in the previous 3 h, and to urinate within 30 min before the test. The data
collected included body mass (BM), body fat percentage (BF%), and total body water
(BW%). Body mass index (BMI) was calculated as the ratio between weight and the square
of height (kg/m?), representing the easiest method to calculate any state of underweight
(<18.5 kg/m?), normal weight (18.5 to 24.9 kg/m?), overweight (25 to 29.9 kg/m?), or
obesity (>30 kg/m?) [15].

2.5. Measurements of Upper Limbs Anthropometric Parameters

All the anthropometric measurements were taken, with the participants wearing
minimal clothing and no shoes. For each upper limb, arm and forearm length, along
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with three parameters related to hand dimensions, were evaluated (handbreadth, hand
length, and hand shape index) [4] as shown in Figure 1. A segmometer and a small bone
anthropometer (Cescorf, Porto Alegre, Brazil) were used to measure lengths and diameters,
respectively. All the upper limb measurements were taken to the nearest 0.1 cm.

|
JU)\
L | o

Figure 1. (AL) Arm Length. (H) Height. (ED) Elbow Length. (FL) Forearm Length. (WD) Wrist
Diameter. (HL) Hand Length. (HB) Hand Breadth.

The anatomical references of selected anthropometric upper limb parameters were
as follows:

e  Arm length: the distance from the marked acromial to the marked radiale. The subject
stands erect with the arms at the sides and palms against the thighs.

e  Forearm length: the distance from the marked radiale to the marked stylion. The
elbow is flexed, and the orientation of the tape is such that it parallels the long axis of
the radius.

e Elbow diameter: this is the distance between the medial and lateral epicondyles of
the humerus.

e  Wrist diameter: the distance between the outer borders of the radial and ulnar styloid
processes.

e Hand length: the measurement is taken as the shortest distance from the marked
mid-stylion line to the Dactylion.

e Handbreadth: the distance between the radial side of the second metacarpal joint to
the ulnar side of the fifth metacarpal joint.

e Hand Shape index: the handbreadth and length ratio multiplied by a hundred.

2.6. Measurements of Handgrip Strength

The maximal HGS was measured in both hands with a portable digital hand dy-
namometer (Takei 5401; Tokyo, Japan) with a precision of 0.1 kg. During the hand strength
testing protocol, the participants maintained an upright posture with the shoulder of the
test arm adducted and the elbow flexed at 90°. The forearm and wrist were kept in a
neutral position, and the hand was aligned with the forearm holding the instrument. The
dynamometer was adapted to each subject, fitting the hand and allowing flexion at the
metacarpophalangeal joints. Specific verbal instructions were provided to the subjects be-
fore the evaluations, and verbal encouragement was given during the experiments [16,17].

The participants performed three maximum voluntary contractions for 5 s on each
side, with a 60 s rest break between each trial. The subjects were instructed to squeeze
the dynamometer as hard as possible. The scale of the dynamometer indicated HGS in
kilograms (kg). For statistical analyses, the highest strength value from the three tests of
each hand was used [18,19].

2.7. Statistical Analysis

All data were examined for normality of distribution using the Shapiro-Wilk and
Ladder of Powers test. Descriptive, parametric, and non-parametric statistical analyses
were performed with Stata 13 (StataCorp 2013). Depending on their distribution, sample
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descriptive values are presented as mean =+ standard deviation or median + interquartile
range (IQR).

Comparisons between two independent samples (controls vs. volleyball players) in
all variables were performed with the Student’s ¢-test or Mann-Whitney test [20]. Cohen’s
d value was used to evaluate effect size (ES) for the independent nonparametric and
parametric analyses. The effect size was interpreted using the following conventions: small
effect (d > 0.20), medium effect (d > 0.50), and large effect (d > 0.80) [21].

Pearson’s and Spearman’s correlation coefficients were used to establish the magnitude
of the correlations between dominant and non-dominant HGS and anthropometric variables
in volleyball players [22]. According to Schober et al. (2018) [22], the conventional approach
to interpreting a correlation coefficient is to categorize it as “negligible” (r = 0.00-0.10),
“weak” (r = 0.10-0.39), “moderate” (r = 0.40-0.69), “strong” (r = 0.70-0.89) and “very strong”
(0.90-1.00).

In all analyses, a p-value of less than 0.05 was considered a statistically significant result.

3. Results

The right hand was identified as the dominant hand in 81.70% (1 = 67) of the 82 par-
ticipants. Table 1 shows the descriptive statistics of the sample, including anthropometric
characteristics and HGS in both upper limbs. Latin-American female volleyball players
exhibited higher values in almost all variables studied, except for body fat, than their
control counterparts. These differences were statistically significant (p < 0.001) except for
BMI and elbow and wrist diameter in both upper limbs.

Table 1. Descriptive statistics of HGS and some selected anthropometric characteristics in female

volleyball players and controls.

Variables C(letfl%l)s VOHE)(’:iHng)l ayers Effect Size
Height (cm) * 158.02 (6.02) 179.04 (12.0) 2.46
Body weight (kg) 57.21 (7.62) 71.12 (9.8) 1.57
Body mass index (kg/ m?) 22.81(2.91) 22.73 (2.3)
Body fat (%) 25.23 (5.82) 22.22 (4.3) * 0.61
Body water (%) * 52.01 (2.71) 53.11 (3.0) * 0.01
Dominant upper limb
Upper arm length (cm) 30.01 (1.21) 3451 (2.21)1 2.40
Forearm length (cm) 23.44 (1.22) 25.84 (1.91) 1.49
Elbow diameter (cm) 6.21 (0.32) 6.21 (0.42)
Wrist diameter (cm) 5.35(0.31) 5.23 (0.33)
Hand length (cm) * 17.01 (1.02) 19.01 (1.52) * 1.29
Hand breadth (cm) * 7.32 (0.53) 7.53 (0.33) * 0.43
Hand length-breadth ratio * 9.22 (0.52) 9.34 (0.52)
Hand shape index * 38.92 (3.54) 43.54 (2.63) 1 2.0
Handgrip strength (kg) 26.11 (3.92) 3221 (631) 1 1.13
Non-dominant upper limb
Upper arm length (cm) 29.81 (1.23) 33.61 2.72) 1 1.76
Forearm length (cm) * 23.02 (1.05) 25.63 (2.52) 1.31
Elbow diameter (cm) 6.01 (0.43) 6.03 (0.51)
Wrist diameter (cm) 5.34 (0.24) 5.24 (0.32)
Hand length (cm) * 17.0 (0.53) 19.01 (1.84) * 1.35
Hand breadth (cm) * 7.31 (0.85) 7.31 (0.33)
Hand length-breadth ratio * 9.32 (0.34) 9.42 (0.54)
Hand shape index * 38.91 (3.62) 43.53 2.64) 1 1.79
Handgrip strength (kg) 2451 (4.32) 31.32 591t 1.31

* Data presented as median 4 IQR; SD: standard deviation; * Significant at <0.05 level; + Significant at <0.01 level;
Effect size is shown for statistically significance differences.
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Table 2 presents the correlations between anthropometric variables and dominant HGS
in controls and Latin-American volleyball players. The control group showed a moderate
positive correlation with forearm length and elbow and wrist diameter (r = 0.44 to 0.47;
p < 0.05). Additionally, weak positive correlations were demonstrated for upper arm
length, hand length, and hand breadth (r = 0.34 to 0.39; p < 0.05). Interestingly, only the
female volleyball players showed a moderate positive correlation between dominant HGS
and hand parameters (length r = 0.43 and breadth r = 0.63; p < 0.05). Furthermore, weak
positive correlations were identified with height, upper arm length, elbow diameter, and
hand shape index (r = 0.32 to 0.38; p < 0.05).

Table 2. Pearson’s correlation coefficients between anthropometric variables and dominant HGS in
controls and Latin-American female volleyball players.

Dominant Handgrip Strength Controls Volleyball Players

Height (cm) 0.24 0.38 *
Dominant upper arm length (cm) 0.39F 0.38 *

Dominant forearm length (cm) 0471 0.26
Dominant elbow diameter (cm) 045t 0.32*

Dominant wrist diameter (cm) 044t 0.22
Dominant hand length (cm) 0.38 * 043 *
Dominant hand breadth (cm) 0.34* 0.63F
Hand length-breadth ratio —0.15 —0.19
Hand shape index —0.07 0.36 *

* Significant at <0.05 level; * Significant at <0.01 level.

In addition, Table 3 presents the correlations between anthropometric variables and
non-dominant HGS in controls and volleyball players. In the control group, only weak
correlations were observed with upper arm length, elbow diameter, and hand breadth
(r =0.35to0 0.38; p < 0.05). In contrast, volleyball players exhibited a moderate positive
correlation with handbreadth (r = 0.55, p < 0.01) and weak positive correlations with upper
arm length, wrist diameter, hand length, and hand shape index (r = 0.32 to 0.35; p < 0.05).

Table 3. Pearson’s correlation coefficients between upper limb anthropometric variables and non-
dominant HGS in Latin American female volleyball players and controls.

Non-Dominant Handgrip Strength Controls Volleyball Players

Height (cm) 0.07 0.29
Non-dominant upper arm length (cm) 0.35* 0.34*
Non-dominant forearm length (cm) 0.29 0.11
Non-dominant elbow diameter (cm) 038t 0.16
Non-dominant wrist diameter (cm) 0.29 0.34*
Non-dominant hand length (cm) 0.26 0.32*
Non-dominant hand breadth (cm) 0361 0.55*
Hand length-breadth ratio —0.09 0.13
Hand shape index 0.11 0.35*

* Significant at <0.05 level; t Significant at <0.01 level.

4. Discussion

In this study, we have provided an overview of upper limb anthropometric charac-
teristics and HGS of female volleyball players belonging to different National Teams in
Latin America. Among the main findings, significant differences (p < 0.05) were found in
all the lengths and breadths of both dominant and non-dominant upper limbs between
volleyball players and non-athletes, with athletes exhibiting the largest measurements. In
addition, we found an association between most of the hand, forearm, and arm dimensions
with HGS.
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Volleyball players are required to constantly develop their muscle strength, technique,
and tactics to improve their performance during a match. Most researchers have mainly
focused on the analysis of lower limb strength and body composition of male athletes. In
this sense, the study of anthropometric and muscle strength in the upper limbs of female
volleyball players has received less attention.

Several studies have described the importance of anthropometric profiles and HGS
across sports [23-28]. In the present study;, elite volleyball players were taller, had a lower
body fat percentage, and exhibited higher values in most of the selected upper limb variables
than the control group (Table 1). In addition, statistical differences were also found in HGS
performance on both sides, with players being stronger than controls (Table 1). Greater
height, larger body dimensions, and enhanced HGS have been previously identified as key
factors contributing to success in volleyball [29-33].

Recent research on female university students in Poland, with at least five years
of volleyball training experience, revealed similar results in wrist diameter, height, and
BMI. However, they reported lower values in some upper limb anthropometric variables
compared to our study, suggesting that this may be a differentiating factor related to the
level of expertise in this sport [34].

In a study conducted by Fallahi and Jadidian [13], the authors compared different
anthropometric upper limb dimensions and HGS in a group of athletes (national basketball
players, collegian handball players, collegian volleyball players, and collegian wrestlers)
and non-athletes. The researchers found greater HGS values in players, which were
accompanied by higher measurements in hand length, palm length, palm width, forearm
length, forearm circumference, and wrist circumference. In addition, most of the upper limb
dimensions were positively correlated with HGS [13]. Despite the analysis not considering
each sport separately, these results show that athletes who have handgrip movements with
an object or opponent have specific characteristics that deserve to be trained or considered
in talent identification.

Likewise, in female volleyball players of the Turkish league, Ocal et al. [14] reported
higher hand dimensions when those were compared with non-athletes. Interestingly,
researchers found statistical differences in only two of three selected hand measurements
(hand length and hand finger length) and no differences in height. Despite the level of
the athletes described in this research, these partial differences could have been due to a
non-strict control group selection, as the authors did not report it.

Similar results to those reported in our study have been found by other researchers [9,29].
These studies compared upper limb dimensions and HGS between inter-university female
volleyball players and a control group with no particular athletic background. Statistical
differences were evidenced in the left-hand width and the lengths of the hand, forearm, and
arm on both sides, with volleyball players exhibiting higher values. Moreover, volleyball
players displayed higher HGS scores on both hands. Despite differences in the athletic level
of the population as compared to those evaluated in our study, the results were similar and
suggest an overall tendency for greater upper limb dimensions in volleyball players.

In our study, athletes were also stronger and taller, and they showed the largest
measurements in hand length, hand breadth, and arm length as compared to those reported
in Koyle’s studies [9,29]. These differences could be explained, in part, by the fact that
athletes in our study were the result of an exhaustive selection by national team coaches.

The latest findings from Sarafyniuk et al. [35] in 108 female volleyball players aged
16 to 20 found larger girth sizes in the upper limbs of athletes compared to the control
group. Nevertheless, the authors did not report the years of training and level of expertise
of the volleyball players, which may be crucial variables to explain the plausible differences
between groups.

HGS scores in our study were also higher than those reported in other studies on
volleyball players [4,6] and different sports in female athletes, ranging from 24.7 to 26.5 kg.
These differences could be attributed to the specific characteristics of the participants in
our study, who are elite volleyball players. Building on that point, it is important to note

126



J. Funct. Morphol. Kinesiol. 2024, 9, 168

that a greater amount of strength in both hands is crucial for many offensive and defensive
actions during a match, such as serving, passing, spiking, and blocking. For instance, while
Pawlik et al. [11] reported moderated and large correlations between HGS in both hands
and serve reception efficiency, and Novianingsih and Irianto [36] studied the influence
of the hand’s muscle strength on the volleyball float serve skill, in adolescent volleyball
players. After the assessment, researchers reported more accuracy (p < 0.05) in the float
serve in those who had higher hand strength.

With respect to correlations, in our study, anthropometric variables such as height,
upper arm length, elbow diameter, and hand dimensions (length, breadth, and shape index)
showed weak to moderate correlations with dominant HGS values in volleyball players.
Similarly, in non-dominant HGS, upper arm length, wrist diameter, and hand dimension
showed the same range of magnitude of correlation. Our findings underline that although
height is considered one of the most important physical characteristics in volleyball players,
this anthropometric measurement showed only a weak positive correlation with dominant
HGS (Table 2). Similar findings have been reported by Pizzigally L. et al. [16] in Italian
female basketball players, where the correlation reported between height and HGS was
also weak (r = 0.38, p < 0.05).

In addition to height, arm length, hand length, hand breadth, and hand shape index
should also be considered important parameters in the process of talent identification for
female volleyball players. These anthropometric characteristics are crucial for increasing
HGS and enhancing sports performance, given the numerous specific movements in vol-
leyball, where the hand is the only point of physical contact between the athlete and the
ball [16,32,37].

Regarding hand dimensions, in ball sports such as volleyball, players with larger
hands and longer fingers have greater performance and accuracy in the blocking, spiking,
and service techniques during the match [13]. Considering the positive association between
hand measurements and HGS in both upper limbs found in our study, athletes with these
features may possess the ability to apply greater force to the ball and perform a combination
of finely controlled movements in defensive and offensive maneuvers that contribute to
competitive success [13,32].

Additionally, the timing and sequencing of the force applied to an object (i.e., ball) by
the hand depends on several factors including technique, strength, flexibility, and anthro-
pometry [32]. Our results confirm that athletes with specific body anthropometric values
such as height, arm length, and hand dimension, may have biomechanical advantages to
achieve higher values of HGS.

Grip strength is produced by the joint contraction of the flexor and extensor muscles of
the wrist (maintaining its dynamic stability during the test), and the predominant influence
stems from the muscle strength of the fingers, specifically when the assessment is conducted
with the elbow flexed at 90° [11,28]. Understanding the specific muscles engaged in the
HGS test and its protocol among athletes is essential to potentially explain the relationship
between hand anthropometric variables and HGS from a biomechanical approach.

As mentioned before, finger muscles play a pivotal role during the execution of the
HGS test [13,32]. For this reason, some authors [16] have suggested that athletes with longer
fingers and greater hand surfaces exhibit higher HGS. However, these studies have primarily
involved handball and basketball players, with the majority being male [13,16]. To our
knowledge, there is a lack of evidence addressing this relationship in female volleyball play-
ers, making this study the first to elucidate it. Further research may provide more relevant
evidence on this topic among female volleyball players across different competitive levels.

Finally, hand length, breadth, and hand shape index in both upper limbs demon-
strated the strongest correlation with HGS (r = 0.32 to 0.66). These findings underscore
the potential significance of these anthropometric parameters as a valuable predictor of
HGS, demonstrating their practical applications of these variables as an essential, feasible,
and cost-effective tool for helping coaches select athletes. Additionally, the HGS could be
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considered a measurement of preventing upper limb injuries, particularly in wrist and
fingers, due to the specific actions during a match (i.e., blocking, serving, spiking)

This study has some strengths and limitations. Our sample of Latin American female
volleyball players may not be considered representative of the entire population, even
though it has proved sufficient to draw relevant conclusions. Furthermore, our sample
consisted only of Latin American players. For that reason, additional studies could be
developed in different populations to generate reference values that consider ethnicity
and age characteristics. Some of the strengths of our study include the measurements
of numerous anthropometric variables collected by an expert, the utilization of accurate
and adequate tools, the adherence to a standardized HGS protocol based on consensus
recommendations, and measurements of HGS conducted by an experienced researcher.

5. Conclusions

This study presents, for the first time, anthropometric and HGS parameters in Latin
American female volleyball players. Particularly, this study provides evidence about
the influence of anthropometric body and upper limbs (height, arm length, and hand
dimension) on HGS and performance outcomes in sports requiring precise gripping and
manipulative actions. Furthermore, this evidence highlights the importance of arm length
and hand dimensions as basic and reliable measurements when HGS evaluation is not
possible during the talent search process or characterization of female volleyball play-
ers. Future studies should explore the biomechanical parameters affecting HGS and
consider their influences on athletic training and injury prevention strategies in female elite
sports settings.
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Abstract: Total hip arthroplasty (THA) is a preferred treatment for primary osteoarthritis (OA) or
secondary degenerative arthropathy due to developmental hip dysplasia (DDH). Gait analysis is
considered a gold standard for evaluating post-arthroplasty walking patterns. This study compared
post-THA spatiotemporal gait parameters (SGPs) between OA and DDH patients and explored
correlations with demographic and clinical variables. Thirty patients (15 per group) were recorded
during gait and their SGPs were analyzed. Functionality was evaluated with the Oxford Hip Score
(OHS). The OA patients were significantly older than DDH patients (p < 0.005). Significant and
moderate to strong were the correlations between SGPs, age, and four items of the OHS concerning
hip pain and activities of daily life (0.31 < Pearson’s r < 0.51 all p < 0.05). Following THA, both
groups exhibited similar levels of the examined gait parameters. Post-arthroplasty SGPs and OHS
correlations indicate limitations in certain activities. Given the absence of pre-operative data and
the correlation between age and SGPs and OHS, ANCOVA testing revealed that age adjusts OHS
and SGP values, while pre-operative diagnosis has no main effect. These findings indicate that hip
OA or DDH do not affect postoperative SGPs and patients” functionality. Future studies should
examine both kinematic and kinetic data to better evaluate the post-THA gait patterns of OA and
DDH patients.

Keywords: orthopedics biomechanics; spatiotemporal gait parameters; functionality; total hip arthro-
plasty; hip osteoarthritis; developmental hip dysplasia

1. Introduction

Total hip arthroplasty (THA) is the treatment of choice for end-stage arthritic hip condi-
tions that cause chronic pain, discomfort, and significant functional impairment [1]. Among
the pathological conditions that lead to THA are primary osteoarthritis and secondary
degenerative arthropathy due to developmental dysplasia of the hip (DDH) [1].

Osteoarthritis (OA) is the most common type of primary degenerative arthropathy
and is a major cause of chronic disability [2]. OA is the clinical and pathological outcome
of a sequence of biological and metabolic processes of joint components/tissues, and
is associated with structural alterations, such as degeneration of articular cartilage and
changes in the subchondral bone. It ultimately leads to the limitation or abolition of the
functionality joint as a kinetic and—in the case of the hip joint—supporting skeleton unit [3].
On the other hand, in DDH, the acetabulum and femur are underdeveloped, the femur
adapts to an abnormal position, and the soft tissues of the area are shortened [4]. Leg-length
discrepancy (LLD), decreased hip abduction range of motion, positive Trendelenburg sign,
and shortened iliopsoas and hip adductor muscles are often seen in patients with DDH,
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while usually they walk with plantar flexion (toe support) [4]. These patients develop
symptomatic secondary OA in their fourth or fifth decade of life, and a large number of
them are forced to resort to THA at a younger age than patients with primary OA [5,6].

Gait assessment is an essential measure of postoperative outcomes after THA, as gait
is a crucial indicator of the level of functional recovery [7,8]. Gait analysis is used to assess
gait patterns in different groups of patients [9]. Specifically, spatiotemporal gait parameters
are a way to objectively assess dysfunctional gait and monitor treatment progress in a
clinical setting [10]. They are also considered a valuable adjunct to clinical and radiological
assessment [9].

In the gait analysis of hip OA patients, several non-physiological features can be
observed that result from the main symptoms of osteoarthritis. The most characteristic
change is reduced gait speed with the gait pattern, including LLD [11]. A systematic
meta-analysis, which included 30 studies that studied spatiotemporal characteristics in
hip OA patients, reported that the selected walking speed and the average walking pace
were slower compared to healthy individuals. At the same time, the step and stride lengths
were shorter, the double support phase was shorter, and the step width was larger than
those of their healthy peers [10]. Similarly, in gait analysis studies where the gait pattern of
DDH patients has been studied, it has been reported that in relation to healthy peers, they
walk with a reduced gait speed [12-14], have a shorter step length [12,14], and the affected
limb shows a longer double support time and a shorter single leg support time [12,13].
Postoperatively, gait pattern improves significantly in all patients regardless of preoperative
diagnosis [15]. Nevertheless, even ten years after undergoing THA surgery, it has been
reported that patients” walking ability does not reach the same levels as their peers of the
same age [16].

However, the literature review revealed that in most gait analysis studies concerning
the post-THA gait, either in patients with hip OA or DDH patients, the comparison was
carried out with non-operated [17,18] or with healthy peers [16,19]. Up to our knowl-
edge, only one study compares post-arthroplasty gait parameters between patients with
primary OA and DDH patients [20]. Therefore, the present study aims to compare the
post-arthroplasty gait spatiotemporal parameters in patients with primary OA and patients
with DDH. The primary study hypothesis is that the distinct pathomechanics associated
with each condition contribute to the preoperative adaptations in gait. Consequently, it is
thought that there may be variations in the improvement of postoperative spatiotemporal
characteristics. Secondary outcomes included potential correlations between postoperative
spatiotemporal and demographic/clinical characteristics relating to patients” functionality.
Based on previous relevant studies on post-THA patients [21,22], we hypothesized that
postoperative spatiotemporal characteristics have the same trend with patient-reported
outcomes. Biomechanists and rehabilitation experts could utilize such evidence to advance
the development of targeted rehabilitation programs that ultimately improve the functional
capacity of patients.

2. Materials and Methods
2.1. Trial Design

This research was conducted in a biomechanics laboratory (Ethics Approval No:
42609/05-05-2022). Patients who agreed to participate in the study were given written
informed consent according to the principles of the Declaration of Helsinki and its later
amendments [23]. The present study conformed to the “Strengthening the Reporting of
Observational Studies in Epidemiology” (STROBE) statement for reporting observational
studies [24] (Supplementary File).

2.2. Participants

Patients over 45 were included in the present study, as it has been reported that one in
four arthroplasties performed before age fifty are due to hip dysplasia [25]. The patients
were required to have undergone primary THA three to five years prior to their enrollment
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in the present study; namely, the THA surgery must have been performed from January
2019 to December 2021. This postoperative time was chosen as a sufficient period to allow
all patients to adopt a stable gait pattern [26]. All participants underwent a cementless THA
through a posterior approach [27,28] performed by the same team of orthopaedic surgeons
and all patients followed the same postoperative physiotherapy program. Information
was obtained by reviewing the registry data from their admission for THA surgery and
by conducting telephone interviews. After the first screening, the enrolled patients were
divided into two groups according to their preoperative diagnosis. The first group (OA
group) included patients who underwent THA due to unilateral hip OA and the second
group (DDH group) included patients who underwent THA due to secondary degenerative
arthropathy due to unilateral DDH. Patients were excluded from the study if they had had
previous hip joint-preserving procedures or acquired post-THA a leg-length discrepancy
(LLD) greater than 2 cm, a nerve injury, a history of other orthopedic surgery on the lower
limbs or spine, declared that they suffered from a severe balance disorder, any neurological
and musculoskeletal diseases that prevented them from performing free walking, or used a
walking aid.

2.3. Outcomes

Initially, the demographic characteristics (age, gender, height, weight, and body mass
index) of the two groups’ populations were recorded. The preoperative grade of hip OA
was recorded according to the Kellgren-Lawrence classification system [29] and the grade
of DDH according to the Crowe classification system [30]. Anthropometric data were
collected using a Seca scale (model 803) and a height meter. The knee and ankle joints’
diameters, anterior superior iliac spine (ASIS) distance, and pelvic depth were measured
with a caliper.

Patients” functionality was measured using the Oxford Hip Score (OHS), which
consisted of 12 questions assessing pain and function during activities of daily living
(ADLs). The OHS questionnaire was designed and developed to assess patients under-
going THA [31]. Items’ response scores range from 0 points (most severe symptoms) to 4
points (least symptoms), with a total score between 40 and 48 indicating satisfactory joint
function [32].

2.4. Instrumentation and Procedure

A motion recording system with six Vicon MCam optoelectronic cameras (Oxford Met-
ricsGroup Ltd., Oxford, UK) was used to record the patients’ spatiotemporal parameters,
which were recorded during walking.

The equipment was calibrated every morning by the same biomechanist before the
measurements, according to the applicable local protocols, to ensure accuracy and enable
the calculation of each marker’s three-dimensional (3D) coordinates. The mean error in
calculating the difference between the measured and actual distance of two markers fixed
to the ends of a rigid rod 600 mm apart was within 0.3 mm. The calibrated volume for
this application was 10 m in length (x-axis of the laboratory reference system), 3 m in
height (y-axis of the laboratory reference system), and 3 m along the z-axis of the laboratory
reference system. Records of these checks and associated calibrations were saved along
with all session data.

All six optoelectronic cameras also used a frequency of 120 Hz for data acquisi-
tion, while the motion analysis system error was <0.1 mm in a 10 x 3 x 3 m laboratory
space volume (Figure 1). These calibration parameters also ensured the accuracy of the
recorded data.
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Figure 1. The ViconNexus software version 2.3 figure of data acquisition procedure, depicting
laboratory dimensions, six optoelectronic cameras, and two force plates).

2.5. Modeling—Placement of Markers

Motion modeling is an essential concept in the field of biomechanical data recording.
The Plug-in Gait marker fitting procedure was employed due to this rationale [33]. Markers
were strategically positioned in the anatomical areas of the pelvis and lower extremities.
The pelvic markers were placed at the anatomical landmarks of the left anterior superior
iliac spine (LASI marker), the right anterior superior iliac spine (RASI marker), the left
posterior superior iliac spine (LPSI marker), and the right posterior superior iliac spine
(RPSI marker). As for the lower extremities, both the left and right, the following markers
were positioned: on the upper lateral 1/3 area of the left and right thigh (LTHI/RTHI
markers), on the flexion-extension axis of the left and right knee (LKNE/RKNE markers),
and on the lower 1/3 area of the left/right shank (LTIB/RTIB markers). To reconstruct
the foot section, markers were positioned on the left/right lateral malleolus, passing
along an imaginary line across the left/right transmalleolar axis (LANK/RANK markers),
on the left/right calcaneus bone (LHEE/RHEE markers), and on the left/right second
metatarsal head, on the mid-foot side of the equinus break between the fore-foot and
mid-foot (LTOE/RTOE markers).

To achieve precise localization and positioning of knee markers (LKNE and RKNE), a
slight passive flexion and extension of the knee were performed while carefully observing
the lateral knee joint skin area. The location where the knee joint’s axis intersects the knee’s
outer surface was identified by locating the layer of skin on the thigh that moved the least.
This landmark was designated with a pen as the focal point for the rotational movement of
the foot’s bottom.

Thigh markers (LTHI and RTHI) are utilized to identify the location of the knee flexion
axis. The LTHI marker was positioned on the lower one-third of the outside lateral area
of the thigh, while the RTHI marker was put on the upper one-third of the outer lateral
surface of the thigh, slightly under the arm’s reach point. However, the exact height of the
markers is not an essential factor in this measurement. Proper identification of the knee

134



J. Funct. Morphol. Kinesiol. 2024, 9, 110

flexion axis relies on the reflectors” anteroposterior location. The thigh marker’s location
was modified to align with the plane, including the hip and knee joints center and the axis
representing knee flexion and extension.

The alignment of the plantar flexion axis is determined using tibial markers, namely
the LTIB and RTIB. The LTIB marker was positioned on the lower one-third of the tibial
surface, while the RTIB marker was placed on the upper one-third of the tibial surface, like
the thigh markers. The tibial marker was positioned inside the plane, including the center
of the knee and ankle joints and the axis representing ankle flexion and extension.

The participants conducted the walking process during a single laboratory session.
They were instructed to walk in a manner that closely resembled their usual walking
style, with occasional cues given, for a distance of approximately 6 m at a self-chosen
tempo. A preliminary static trial was conducted to establish the orientations of the markers
before processing the model. Subsequently, participants performed two dynamic trials
to familiarize themselves with the testing processes. Ultimately, they completed three
additional trials that were considered sufficient and were then analyzed to obtain the
representative values of the spatiotemporal parameters [19].

2.6. Data Synthesis

Anthropometric measurements were combined with data from markers’ deflections.
All markers’ location data were captured using Nexus 2.3 software. The spatiotemporal
parameters measured in this study were walking speed, cadence, double support time,
single support, step time and length, and stride time and length.

The above spatiotemporal parameters were included in the statistical analysis and
were calculated using inverse dynamics and normalization in terms of body mass and
length [34].

2.7. Statistical Analysis

Data were expressed for continuous variables as mean =+ standard deviation (SD) and
for categorical variables as frequencies (percentages).

Normality was assessed by Q-Q plot inspection. Pearson’s r correlation index assessed
correlations between continuous variables (demographic, clinical, and spatiotemporal
parameters’ data) of all patients. Group differences assessed using ANVOVA.

All tests were two-sided, with the significance level being p = 0.05. All tests were
performed using SPSS v.29 (IBM Corporation, Somers, NY, USA).

3. Results
3.1. Participants

A total of 50 patients were enrolled in the present study (the minimum required
total sample after Power Analysis was found to be 29 subjects). Of the 50 patients, 25
were diagnosed with hip OA before THA and 25 had unilateral DDH. Ten did not meet
the inclusion criteria, nine refused to participate, and one hip OA patient had passed
away because of a cause unrelated to THA. Finally, 30 patients (15 in each group) were
included. The detailed procedure of the participants’ selection is presented in a flow
diagram (Figure 2).

3.2. Demographic and Clinical Characteristics

The Q-Q plot inspection revealed that variables had normal distribution; hence, para-
metric testing was performed. The mean + SD of the demographic and clinical characteris-
tics of the study’s sample are presented in Table 1. There were no significant demographic
or clinical differences between the groups, except for age (p < 0.005). When the THA was
performed, the mean age of the OA group was 60.1 years (min = 53, max = 68), and the
mean age of the DDH group was 46.13 years (min = 36, max = 55 years). The OA group
included five men and ten women, while the DDH group consisted of three men and
12 women. Eight patients of the OA group underwent THA due to grade Il and seven due
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to grade IV hip OA, according to the Kellgren-Lawrence classification system. According
to the Crowe classification system, the DDH group included four patients with Crowe II,
six with Crowe III, and four with Crowe IV dysplastic hip. The greater preoperative LLD
of the DDH group was 5 cm, while the hip OA preoperative LLD was not reported in the
record files. The means of the post-THA time period were for the hip OA group 3.91 years
(min = 3.3, max = 5) and for the DDH group 3.69 years (min = 3.1, max = 4.8).

Flow Diagram

] Total Hip Arthroplasty - Posterior Approach

[ Enroliment (Performed between January 2019 and December 2021)

Assessed for eligibility (n=50)

[ Allocation ]

A J A

Primary Hip Developmental
Osteoarthritis Dysplasia of the Hip
(n=25) (n=25)
+ Received allocated + Received allocated
intervention (n=23) intervention (n=23)

Excluded (n=10) Excluded (n=10})

+ Mot meeting inclusion criteria (n=4) + Not meeting inclusion criteria (n=6)
[Contralateral Total Knee Arthroplasty | [Revision (n=1), Developmental
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+ Other reasons (n=0)
¥ A
Analysed (n=15) Analysed (n=15)
+ Excluded from + Excluded from
analysis (n=0) analysis (n=0)

Figure 2. This study’s flow diagram.

Table 1. Demographic and clinical characteristics of the study’s sample (N = 30).

. OA Grou DDH Grou

Characteristics (N = 15)P (N = 15) P p-Value

Age (years) 60.1 £ 3.82 46.13 £5.93 <0.005
Sex (Men/Women) [N (%)] 5(33.3%)/10(66.7%) 3(20%) /12(80%) 0.409
Height (cm) 163.95 + 3.6 16442 + 3.1 0.181
Weight (kg) 69.35 £5.6 68.41 £ 4.5 0.135
Body Mass Index (kg/m?) 2578 £2.6 25.30 £+ 2.07 0.289
Years post-THA 3.91 £0.52 3.69 £ 0.52 0.123

The values for continuous variables are expressed as mean =+ standard deviation (SD) and for categorical variables
as frequencies (percentages).
3.3. Correlation Analysis

The correlation analysis revealed significant moderate to strong correlations. Specifi-
cally, moderate and positive were the correlations between age and walking speed, step
length, and total OHS score (r = 0.31, p = 0.00, r = 0.34, p = 0.00, and r = 0.36, p = 0.04.
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respectively), while negative and strong was the correlation between age and step time
(r=—-0.51, p = 0.04). Positive and moderate correlations were found between walking
speed and item 5 of the OHS (“Could you do the household shopping on your own?”)
(r =0.40, p = 0.02) and between cadence and item 11 of the OHS (“How much has pain from
your hip interfered with your usual work, including housework?”) (r = 0.38, p = 0.03). The
single support time positively and moderately correlated with item 5 of the OHS (r = 0.46,
p = 0.01). Strong and negative was the correlation between step time and item 5 of the OHS
(r = —0.51, p = 0.00). The step length was moderately and negatively correlated with item 4
of the OHS (“Have you been able to put on a pair of socks, stockings or tights?”) (r = —0.41,
p = 0.02), while the stride length was moderately and negatively correlated with item 6
(“For how long have you been able to walk before the pain in your hip becomes severe
(with or without a walking aid)?”) (r = —0.36, p = 0.04) and with item 4 (r = —0.44, p = 0.01)
of the OHS.

3.4. Group Differences

Given the absence of pre-THA data, the correlations between age and SGPS and OHS
group differences were assessed using analysis of covariance (ANCOVA).

After controlling for age revealed (Pillai’s trace = 0.05, Wilk’s Lamba = 0.05) the
ANCOVA showed that age adjusts the values of the outcomes (SPGs and OHS). Addi-
tionally, the multivariate test for the OA and DDH groups (Pillai’s trace = 0.651, Wilk’s
Lamba = 0.651) indicated no significant main effect amongst the independent groups of
the outcome mentioned above when controlling for age. The above indicates that age does
indeed adjust the results, but there are no statistically significant main effects between the
two groups, which is a significant finding.

3.5. Outcomes

The OHS total score ranged from 38 to 42 in the OA group and 37 to 42 in the DDH
group. The mean =+ SD of the item scores and the total Oxford Hip Score of both groups are
included in Table 2. No significant statistical differences were also observed between the
two groups regarding their spatiotemporal parameters. The mean + SD of SGPs of both
groups are presented in Table 3.

Table 2. Item scores and overall Oxford Hip Scores (N = 30).

OA Group DDH Group
Ttems (N = 15) (N =15)
1. How would you describe the pain you usually have in your hip? 3.40 £0.74 3.33+£0.72
2. Have you had any trouble with washing and drying yourself (all over) because of your hip? 4.00 £ 0.00 3.93 +£0.26
3. Have you had any trouble getting in and out of a car or using public transportation because 366+ 05 3.60 - 0.49
of your hip? (whichever you tend to use)
4. Have you been able to put on a pair of socks, stockings or tights? 233 +047 2.47 £ 0.51
5. Could you do the household shopping on your own? 4.00 £ 0.00 3.86 £0.26
o . > (i
6. FO.I' how long ha?ve you been able to walk before the pain in your hip becomes severe? (with 3.60 & 0.51 313 + 0.77
or without a walking aid)
7. Have you been able to climb a flight of stairs? 3.20 £0.40 3.07 £0.26
8. After a meal (sa.t at a table), how painful has it been for you to stand up from a chair 3.36 -+ 049 353 + 0.52
because of your hip?
9. Have you been limping when walking, because of your hip? 3.13 £ 0.61 3.00 + 0.55
10. Have you h.ad any sudden, severe pain—"“shooting”, “stabbing”, or “spasms”)—from 3.40 + 0.52 390 4+ 091
your affected hip?
1.1. How much has pain from your hip interfered with your usual work 38 4 047 353 + 0.75
(including housework)?
12. Have you been troubled by pain from your hip in bed at night? 3.47 £0.72 3.06 £0.72
Oxford Hip Score (total score) 41.67 £2.19 39.73 £1.58

The values are expressed as mean + standard deviation (SD).
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Table 3. Spatiotemporal parameters of the study’s sample (N = 30).

OA Group DDH Group
Parameters (N=15) (N=15)

Walking speed (cm/s) 77.26 + 4.83 74.75 + 3.24
Cadence (steps/min) 94.69 +2.73 9293 + 3.17
Double support time (% cycle) 33.18 £2.13 31.78 £+ 3.81
Single support (% cycle) 37.09 £ 3.8 35.12 & 5.57

Step time (s) 0.66 + 0.08 0.72 £0.11

Step length (cm) 48.62 +£2.84 47.18 +2.87

Stride time (s) 1.23 +0.20 1.27 +0.11

Stride length (cm) 97.83 +5.45 95.45 + 5.65

The values are expressed as mean + standard deviation (SD).

4. Discussion

Our observational study aimed to compare postoperative SGPs in patients who re-
ceived THA due to either primary hip OA or DDH and to explore any possible correlations
with demographic or clinical variables. Our results showed that the values of SGPs of the
OA group were slightly better than those of the DDH group without revealing a statisti-
cally significant difference. The distinct pathomechanics of OA or DDH associated with
preoperative alterations in gait improved after THA to similar levels in both groups. As
expressed by the OHS results, the OA group reported a better overall trend of the scores
than the DDH group regarding self-estimated functionality. Significant correlations were
found between the sample’s SGPs with age, the total OHS score, and four items of the OHS
concerning hip pain and ADLs.

In the present study, the patients of the OA group were significantly older than the
DDH group. This finding was expected since it is well-known that hip OA is a chronic
disorder resulting from several distinct etiologic factors, including aging. Hip OA affects
7-25% of people older than 55 years [35] and demonstrates an increase in mean prevalence
with advancing age [36]. On the other hand, DDH is the most common cause of secondary
osteoarthritis in adults under 40 years of age, since abnormal hip biomechanics resulting in
contact stresses predispose patients with DDH to arthritic changes earlier than the normal
population and require THA at an early age [37]. Also expected was the fact that our groups
consisted of more women than men, in line with studies reporting that hip OA prevalence
is higher among women [38], while DDH is more common among girls [37]. Regarding
age and sex, our groups were relatively representative of both populations studied [35-38].

The correlation analysis revealed statistically significant correlations between partic-
ipants” age, OHS scores (total and items), and the SGPs. Specifically, severe pain during
long-time walking (item 5) was correlated with shorter stride length. Similarly, shorter
step and stride length correlated with difficulty putting on socks, stockings, or tights (item
7). Additionally, the patient’s ability to perform household shopping independently (item
11) was correlated with faster walking speed, longer single support time, and shorter step
time. On the other hand, a lower level of hip pain interference in usual work/housework
(item 12) was linked to a slower cadence. Our findings support previous studies in which
self-reported outcomes and biomechanical parameters were correlated in post-THA pa-
tients 12 months post-THA [21,22]. In the study of John et al. [21], the Hip Disability and
Osteoarthritis Outcome Score (HOOS) correlated strongly with hip strength, while the
correlations with step length asymmetry and contact time asymmetry were not significant
and relatively weak (r < 0.32). In the study of Bolink et al. [22], moderate to strong signif-
icant correlations were found between the Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) and walking speed, cadence, and step time (0.31 < Pear-
son’s r < 0.51). Unfortunately, it is not possible to directly compare our OHS item results
with the findings of the studies mentioned earlier, since the WOMAC and HOOS evaluate
different aspects of pain and functionality than the OHS, which records experienced dif-
ficulty during a specific activity. However, correlations between self-reported outcomes
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and gait parameters may provide additional information showing how the latter affects
post-THA-specific ADLs. These correlations can be used to develop personalized exercise
programs for patients. By analyzing the data, healthcare professionals can identify specific
areas of deficits and weaknesses in patients and create tailored exercise programs that target
those areas. This approach helps reduce the deficits and improves the patient’s overall
independence and quality of life.

No statistically significant differences between the two groups were observed in the
SGPs. This can be explained by the effect of age as well as the lack of pre-operative data.
However, our findings are consistent with the study conducted by Marangoz et al. [20],
the only biomechanical study that directly compared the gait of post-THA OA and DDH
patients [20]. Upon studying their results, we noticed that the average values of the
SGPs of their groups were quite comparable to our findings. However, we did identify a
difference in the walking speed and cadence of their DDH group, which were lower than
the corresponding values we obtained in our study [20]. These differences might be due to
the fact that their study’s gait analysis was carried out 12.5 months after THA, while in our
study, the participants were measured after a three-and-a-half-year period. Studies have
reported that after THA, the gait pattern generally improved significantly in all patients.
However, patients with DDH tend to experience a more persistent pathological gait pattern,
which subsides slowly over a more extended period [1,18]. This is due to the distorted hip
anatomy (underdeveloped acetabulum and femur), LLD, decreased hip abduction range
of motion, positive Trendelenburg sign, shortened iliopsoas, and hip adductors muscles
that lead to asymmetrical gait than that of healthy controls. Patients tend to protect their
DDH limb from childhood, and this compensation mechanism for the unaffected side
in protecting the affected side remains after THA [19]. Therefore, it is suggested that a
follow-up period longer than one year is necessary to obtain relevant results [39]. Extending
the follow-up period beyond one year is essential to yield meaningful and insightful results.
Thus, it is highly recommended that researchers extend their follow-up periods to achieve
significant and relevant results [39].

Postoperative gait analysis is generally accepted as an objective measurement of
surgical success since it effectively quantifies SGPs [20]. In addition to the objective gait
assessment, the use of self-reported outcomes like OHS can provide unique information on
the impact of treatment from the patient’s perspective [40], and it is complementary to the
overall assessment of patients’ recovery; this is essential in clinical research and practice
involving THA patients [40]. In our study, although the OA group had better outcome
values (SGPs and OHS) than the DDH group, this was not reflected in the statistical
analysis results, due to the lack of pre-THA data and the potential effect of age. However,
these findings suggest that the pathological anatomy of DDH might be responsible for the
observed phenomenon. Although the hip joint was reconstructed after THA, patients may
continue to experience pain and discomfort on the affected side [19]. The possible reason is
that in most DDH cases, widened intraoperative articular capsule release and tenotomies
of the shortened hip muscles are advocated [28]. These necessary intraoperative soft tissue
releases, combined with the aforementioned compensation mechanism of the unaffected
side protecting the affected side, may impact the performance of daily activities in DDH
patients, even after THA [19]. In order to minimize the soft tissue releases’ effects, studies
suggest that patients with developmental dysplasia of the hip (DDH) can benefit from
individualized exercise programs that prioritize strengthening the intact muscles in the
lower limb. Specifically, exercises targeting hip flexors, hip abductors, and knee extensors
have been effective [15,19].

To our knowledge, this is the second study that directly compares post-arthroplasty
gait parameters between patients with primary OA and DDH patients. Our study supports
the previous study’s findings [20], indicating that the distinct pathomechanics of OA or
DDH, associated with pre-operative alterations in gait, improved after THA to similar levels
in both groups. In addition, this is one of the very few studies [21,22] in which objective gait
assessment via SGPs was correlated with patient-reported outcomes. These correlations

139



J. Funct. Morphol. Kinesiol. 2024, 9, 110

can be utilized as a valuable tool for closely monitoring the progress of treatments within
a clinical setting. Furthermore, they can significantly contribute to the advancement of
tailored and personalized rehabilitation programs, ultimately enhancing the functional
capacity and overall well-being of patients.

On the other hand, some limitations have to be mentioned. The main limitation is
that this is a retrospective study of post-THA patients. Pre-operative data such as SGPs,
LLD, Trendelenburg signs, possible muscle atrophies, or patient-reported outcomes were
unavailable. Furthermore, the lack of pre-operative data regarding the correlations between
age, SGPs, and OHS, as well as the lack of matching regarding age, prohibit us from
conducting a more in-depth statistical analysis to explore group differences. It is important
to note that the results of correlation analysis cannot be generalized due to the small sample
size. Therefore, it is essential to interpret them with caution. Being mindful of this will
lead to more accurate conclusions and better decision-making. More comparative and
longitudinal biomechanical studies should be performed to improve the power of the
current results and further investigate the postoperative gait of OA and DDH patients.

Reflective surface markers are commonly used in traditional motion capture to assess
joint kinematics. However, using skin markers on human tissue for motion analysis can
introduce a possible source of measurement inaccuracy due to artifacts caused by the
skin’s relative mobility compared to the underlying bone structures. Nonetheless, the
literature strongly indicates that accurate and thorough tracking of gait analysis techniques
minimizes any possible influence of errors on data collection when measuring kinetic and
kinematic parameters with such equipment [41].

Future studies should be conducted while taking into account the potential effect of
age when designing experimental protocols since, based on our results, age as a variable
may influence the outcomes. Furthermore, combining kinematic and kinetic analysis with
electromyography data studies can help evaluate the post-THA gait patterns of OA and
DDH patients and optimize specific rehabilitation protocols.

5. Conclusions

In our study, postoperative spatiotemporal parameter analysis after THA of OA
patients and DDH patients revealed no significant statistical differences between groups,
despite gait being slightly better in the OA group than the DDH group. Notably, there were
significant correlations between post-arthroplasty SGPs and specific ADLs, suggesting that
there may be a potential impact on the ability to perform specific activities. These findings
should be correlated with kinetic gait analysis data to fully evaluate the differences in gait
and functionality improvement after THA in these patient groups.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
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Abstract: Objectives: This study evaluates the test-retest reliability and inter-rater reliabil-
ity of the MyotonPRO for measuring Achilles tendon stiffness at two standardized sites
over various time frames and settings. Methods: Eight healthy participants underwent
assessments by three raters over six visits. Tendon stiffness was measured at proximal
(mid-portion) and distal (insertional) regions of the Achilles tendon at various time frames
(10-15 s, 10-15 min, 24 h, and 14 days apart). Measurements included participant reposi-
tioning and two activity stimuli (daily living and sport). Reliability was calculated using the
intraclass correlation coefficient (ICC), its 95% confidence interval, coefficient of variation,
standard error of measurement, and minimal detectable change. Results: Short-term relia-
bility (10-15 min) was excellent, with an ICC of 0.956 (0.929-0.974). Between days reliability
(24 h) was good, with an ICC of 0.889 (0.802-0.938). Between weeks reliability (2 weeks)
was good with an ICC of 0.886 (0.811-0.931). Short-term reliability with the simulation of
activity of daily living was good, with an ICC of 0.917 (0.875-0.945). Short-term reliability
with the simulation of sport was good with an ICC of 0.933 (0.891-0.96). Between days
reliability with the simulation of sport was good, with an ICC of 0.920 (0.859-0.955). Con-
clusions: When used in a standardized position, the MyotonPRO demonstrates reliable
repeated measurements of Achilles tendon stiffness. This protocol provides a foundation
for clinical research and rehabilitation by clarifying expected reliability across minutes,
days, and weeks, thus aiding clinicians and researchers in monitoring tendon adaptations
and making evidence-based decisions.

Keywords: Achilles tendon; stiffness; reliability; MyotonPRO; tendon

1. Introduction

The Achilles tendon transmits force and absorbs energy during activities such as
walking, running, and jumping [1] and is subject to extremely high mechanical loads, often
up to ten times the body weight [2]. In athletes, excessive mechanical loading can lead to
Achilles tendinopathy, a condition characterized by tendon pain and loss of function [3].
Its prevalence among athletes stands at 6%, affecting both men and women equally [4].
Although Achilles tendinopathy can be an acute injury, it often evolves into a chronic
condition that can impair quality of life and work productivity [5]. A significant number
of affected individuals experience persistent symptoms for years, resulting in reduced
physical activity levels [6].
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Considering the prevalence and consequences of Achilles tendinopathy, understand-
ing the biomechanical properties of the Achilles tendon, namely its elasticity and stiffness,
is essential for assessing its functional dynamics and vulnerability to injury. Elasticity
enables the tendon to store energy in a spring-like manner, while stiffness reduces the
extent of elongation, protecting collagen fibers against damage. In general, tendons can
elongate by up to 4% of their length without sustaining any damage. However, if the
resistance to elongation is inadequate, elongation between 4 and 8% may lead to the break-
down of collagen cross-links [7]. This can lead to structural changes that contribute to the
development of tendinopathy. When elongation exceeds a critical threshold (above 8%),
collagen fibers may undergo macroscopic failure, potentially leading to Achilles tendon
rupture and complete loss of function. Thus, the stiffness of the tendon, in conjunction with
the strength of the triceps surae muscle, is critical in determining the level of resistance to
elongation and in preventing excessive elongation that could damage collagen fibers [8].

There are several methods for measuring Achilles tendon stiffness. For example,
research involving healthy subjects has often relied on calculations that quantify tendon
displacement (Amm) during maximal voluntary contraction of plantar flexor muscles [9].
However, this approach may not be suitable for tendinopathy cases, as central inhibition
of plantar flexors can limit true maximal voluntary contraction. Thus, to assess stiffness
in individuals who present tendinopathy, shear wave ultrasound elastography (SWUE)
has been commonly employed [10]. Despite studies showing good reliability of SWUE, its
reliability is highly dependent on the operator and requires extensive ultrasound expertise
to accurately identify the structures and artifacts being assessed [11]. Consequently, there
is a need for more accessible techniques that can reliably measure tendon stiffness in
tendinopathy patients in both research and clinical settings [12].

The MyotonPRO is a promising tool for quantifying the stiffness of the Achilles ten-
don in patients with tendinopathy, where a force is applied transversely to the tendon
fiber axis, and the resultant displacement of the tendon tissue is measured. Originally
designed for assessing skeletal muscles, the MyotonPRO is a portable device that employs
a controlled preload of 0.18 N to compress the subcutaneous tissue, followed by a 15 ms
impulse of 0.40 N of mechanical force, which elicits a damped or decaying natural oscil-
lation within the tissue, enabling the measurement of tendon stiffness [13]. Compared
to more operator-dependent modalities (e.g., ultrasound elastography), the MyotonPRO
requires less specialized training and reduces user-dependent variability. Its portability and
straightforward setup make it a convenient tool for researchers and clinicians to measure
soft-tissue stiffness quickly and accurately. To determine a device’s reliability, it is critical to
consider the magnitude of measurement errors in absolute values after repeated conditions.
In practical terms, absolute errors are essential to identify whether the changes in tendon
stiffness observed after a given intervention are due to the actual changes in the functional
dynamics of the athletes (adaptations) [14].

Several key factors influence the reliability of measuring tendon stiffness via the My-
otonPRO. First, the accuracy of the results is highly contingent on the precise location of
the measurement and the participant’s positioning [15]. Therefore, standardizing both
the device’s position and the participant’s posture is essential for ensuring consistent,
repeatable measurements in research and clinical practice. However, existing studies
evaluating the MyotonPRO'’s reliability lack straightforward recommendations for stan-
dardized positioning. Second, temporal fluctuations in Achilles stiffness are particularly
relevant in clinical settings and in monitoring patients with tendinopathy [16]. Moreover,
physical activity stimuli like walking, biking, or sports practice often precede or occur
between measurements, making the understanding of their impact vital for interpreting
clinical stiffness measurements. Yet, studies reporting on MyotonPRO’s reliability have
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neither standardized device and patient positioning [17-19] nor accounted for various time
intervals and stimuli between measurements [20,21].

Considering the lack of established reliability data, the objective of this study was
to (1) assess the test-retest reliability of the MyotonPRO in measuring Achilles tendon
stiffness using a newly established standardized position, (2) determine whether different
time intervals (ranging from seconds to weeks) influence measurement reliability, and
(3) evaluate how physical activity stimuli (activities of daily living and sport-like exercises)
affect short-term reliability. Furthermore, (4) we explored the inter-rater reliability of the
MyotonPRO in this context.

We hypothesized that, under standardized conditions, the MyotonPRO would demon-
strate good to excellent test-retest reliability (intraclass correlation coefficient > 0.75) across
all assessed intervals and activity stimuli.

Regarding the time frames specifically, immediate measurements at 10-15 s apart
allowed us to capture consecutive trials without any repositioning of the participant. The
10-15 min interval served as a short-term retest period, encompassing practical require-
ments such as repositioning participants, marking the measurement site, and, in some
cases, performing a quick activity stimulus or rest. This slight variability (i.e., sometimes
closer to 10 min, sometimes 15 min) reflects realistic conditions in clinical and research
settings, where minor procedural or participant-related delays commonly occur.

By providing both a clear hypothesis and a rationale for the time intervals used, this
study addresses a gap in the literature and offers a reproducible methodology for reliably
assessing Achilles tendon stiffness in healthy and potentially clinical populations.

2. Materials and Methods
2.1. Sample

Eight healthy young adults were recruited for this study through convenience sam-
pling at the Charles University campus between March and July 2022. The sample com-
prised six males and two females, with a median age of 27.5 years (IQR 3.5), median body
mass of 75 kg (IQR 15.5), and median height of 178 cm (IQR 5.8). On average, they engaged
in 5.5 h (IQR 3) of sports training per week.

To calculate the sample size required to estimate the ICC of 0.9 with the lower bound
of 95% confidence interval greater than 0.5 (the threshold for moderate reliability), we used
Zou’s formula, as implemented in ICC.Sample.Size package (version 1.0) in R. Assuming
three ratings per participant, a desired power of 80%, and using a two-sided 0.05 signifi-
cance level, the required sample size is 8 [22]. Because this was a focused reliability study,
we did not perform a separate power analysis for each subset of reliability measures.

Eligibility criteria included being under the age of 30 years, engaging in regular
physical activity, and having no history of lower limb injuries within the previous six
months. Participants also had to be free from any neurological, vascular, or systemic
diseases and possess a valid sports permit from a medical doctor.

These criteria yielded a relatively narrow age range (median: 27.5 years), which may
limit generalizability to a broader population. Furthermore, although the MyotonPRO may
be used in tendinopathy cases, our sample included only healthy participants.

This study was approved by the Ethics Committee of the Faculty of Physical Education
and Sport of Charles University (ID: 255/2021), and written informed consent was provided
by the participants.

2.2. Experimental Approach

This study comprised 3 waves of data collection, each spaced 14 days apart (Figure 1).
Each wave consisted of 2 visits on 2 consecutive days. The 1st visit involved 3 sessions
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(session 1 to session 3), and the 2nd visit consisted of 2 sessions (session 4 and session 5). A
set of standardized measurements (SM) was taken during each session, consisting of 3 mea-
surements at two different points (proximal and distal) on each leg, resulting in 12 mea-
surements per SM. Between session 1 and session 2, a protocol mimicking vigorous sports
activities—simulation of sport activity (SP) was introduced, while a protocol—simulation
of activities of daily living (ADL) was applied between session 4 and session 5. In sum-
mary, each participant underwent 180 measurements: 3 waves X 5 sessions x 2 legs x

2 points x 3 measurements each. Figure 1 illustrates the measurement timeline for an
individual participant. These measurements were used to calculate test-retest reliability
across various time frames (10-15 s, 10-15 min, 24 h, and 14 days apart), repositioning of
the subject (standardized measurements consistency), and physical activity stimuli (ADL

and SP; Table 1).
Between days
Sport Short-term Daily living
10-15 min 10-15 min 10-15 min
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Between days
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SM: Set of standarized measurement. Involves 12 measures: x3 distal and x3 proximal for each leg, 10-15 s between.
ADL: Simulation of activities of daily living: ergometer cycling, 5 min, 100 W, 80 rpm.
SP: Simulation of sport activity: eccentric, concentric and isometric plantar flexion in dynamometer, 12 sets, 15 s work, 30 s rest.

Figure 1. Scheme of measurements-time intervals and different settings.
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Table 1. Overview of time frames, repositioning, and stimuli.

Time Interval

In-Between In-Between
Between PR . Purpose
Repositioning Stimulus
Measurements
Immediate SM 10-15s NO NO Consistency of measurement
Short-term SM 10-15 min YES NO Test-retest reliability
Short-term ADL 10-15 min YES ADL Impact of low-intensity loading
Short-term SP 10-15 min YES SP Impact of high-intensity loading
Between days SM 24h YES NO Test-retest reliability between days
Between days SP 24h YES SP Impact of high-intensity loading
Between weeks SM 14 days YES NO Test-retest reliability between weeks
Inter-rater reliability 24h YES NO Operator influence on reliability

SM: Set of standardized measurement. Involves 12 measures: x3 distal and x3 proximal for each leg, 10-15s
between. ADL: Simulation of activities of daily living: ergometer cycling, 5 min, 100 W, 80 rpm. SP: Simulation of
sport activity: eccentric, concentric, and isometric plantar flexion in dynamometer, 12 sets, 15 s work, 30 s rest.

2.3. Rationale for Time Intervals

The 10-15 s interval enabled immediate consecutive measurements without reposition-
ing, reflecting direct repeatability. The 10-15 min interval accounted for practical short-term
repositioning and minor procedural tasks. The 24 h interval represented next-day follow-
up, commonly employed in clinical check-ups. Finally, the 14-day interval allowed the
assessment of stability over a longer period, relevant for monitoring rehabilitation programs.

2.4. Achilles Tendon Stiffness

The MyotonPRO (Muomeetria, Tallinn, Estonia; Model 000607) was used to collect
data from the tendon stiffness (Supplementary Photo S1). The device applies a controlled
preload of 0.18 N to compress the subcutaneous tissue, followed by a 15 ms impulse of
0.40 N of mechanical force, which elicits a damped or decaying natural oscillation within
the tissue, enabling the measurement of tendon stiffness [13].

2.5. Standardized Measurement

Standardized measurement started with participants sitting on a box with their but-
tocks fixed using a wedge (Figure 2A). The height of the box was set so that the angle at the
ankle and knee was 90° as controlled by a goniometer, and the line connecting the medial
side of the heel and big toe was adjusted to be perpendicular to the box. Achilles tendon
stiffness (N/m) was measured at two specific points (Figure 2B): the distal point, situated
1 cm proximally to the tuber calcanei, and the proximal point, located 6 cm proximally to
the tuber calcanei [23]. The MyotonPRO device was placed on the adjustable rack during
measurement (Supplementary Photo 52). These points were marked with a permanent
marker lasting until the next day but not until the next wave of measurements. In this
position, the distance between the big toe and the box, as well as the distance between the
first metatarsi of the left and right feet, were recorded (Figure 2C). Finally, the MyotonPRO
was underlaid by an adjustable rack, and the height of the rack for both distal and proximal
measurement points was also recorded (Figure 2D).
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Figure 2. Standardized measurement of Achilles tendon stiffness. (A) Sitting position; (B) Measured
sites; (C) Foot positioning; (D) MyotonPRO positioning.

2.6. Simulation of Sports and Activities of Daily Living

The simulation of the sports activities (SP) targeted a single leg using the HumacNorm
dynamometer (Cybex 770 NORM ®, Humac, CA, USA). The targeted leg was chosen
randomly for each participant, and this selection was maintained for all three waves.
The simulation involved loading the Achilles tendon by performing plantar flexion with
maximum effort and consisted of 12 sets, each set including 15 s under tension; the sets were
interspersed with 30 s rest periods. Three different loading types were used to simulate
various conditions during sports: eccentric, isometric, and combined concentric/eccentric
loading (Supplementary Table S1). The plantar flexion was performed with the knee flexed
at 90° while lying down on the back. The range of motion in the angle for eccentric and
concentric/eccentric loading was from 30° of plantar flexion to 15° of dorsiflexion; the
isometric loading was performed at 0° (Supplementary Table S1) [24,25].

The simulation of the ADL included a five-minute session on an ergometer at 100 watts
and 80 revolutions per minute, followed by 20 heel raises. Its aim was to simulate conditions
typically preceding assessments in clinical and research practice, such as cycling or walking
to the lab and climbing up the stairs [26].

2.7. Procedures

Approximately one week before the first wave of measurement, participants under-
went a familiarization session. During this session, participants practiced the simulation of
daily living (ADL) and sports activities (SP). Furthermore, the setup of the standardized
position was recorded (height of the rack, toe-to-box and inter-metatarsal distances) so that
the standardized position (Figure 2) could be replicated across all measurement sessions.
Finally, participants were instructed to refrain from engaging in any physically strenuous
activity 3 days prior to each wave of measurement.

For each of the three waves separated by 14 days (Figure 1), the participants followed
the same procedure: at the start of the 1st visit, participants rested in the lying position
for 5 min. Then, they assumed the predetermined seated position as established during
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the familiarization session, the points of measurement were marked, and the first set of
standardized measurements (SM) was taken. After the first SM, the participants underwent
the SP protocol simulating the sports activities (Supplemental Table S1). Then, immediately,
they re-assumed the standardized position, and the second SM was taken. After 15 min of
rest, the participants re-assumed the standardized position once more, and the third SM of
the first visit was taken. The 2nd visit was conducted 24 h after the 1st visit and also began
with a 5 min period of rest. Following the rest, participants assumed the standardized
position, and the first SM was taken. After that, the simulation of ADL conducted. After
completing the simulation, participants re-assumed the standardized position and the
second SM of the 2nd visit was taken.

Sessions 1 to 3 were measured by Operator 1, while sessions 4 and 5 were measured
by Operator 2 or 3, randomly assigned. All operators were doctoral students in kinesiology
with prior training in identifying the distal and proximal Achilles tendon landmarks. Before
data collection, they practiced marking and measuring at least 20 trials on pilot participants
to ensure consistency in identification and device handling.

2.8. Statistical Analysis

The intraclass correlation coefficients (ICC) and their 95% confidence intervals were
calculated using the irr package (version 0.84.1) in R statistical software. The analysis was
conducted using the “two-way” model, “agreement” type, and “single” or “average” unit
of analysis [27,28]. The magnitude of the intraclass correlation coefficient was interpreted
based on its lower-bound of the 95% confidence interval (LCI), as follows: <0.50, poor
reliability; 0.50 to 0.75, moderate reliability; 0.75 to 0.90, good reliability; and >0.90, excellent
reliability [27].

We initially screened all the data for extreme outliers (values exceeding the mean =+ 35SD),
but none met our predefined exclusion criteria. To assess potential systematic bias between
repeated measurements for immediate reliability, we compared exactly two measurements
at a time (i.e., measurements 1 and 2, 2 and 3, and 1 and 3) using a Bland—Altman analysis
(Supplementary Materials). For each pair, the mean difference (bias) and 95% limits of
agreement were calculated, and a paired t-test was performed to determine whether the
bias was statistically significant. The magnitude of the observed bias was then compared
to the minimal detectable change (MDC) to evaluate its clinical relevance.

The immediate reliability was calculated as a comparison between 3 single mea-
surements within each SM for both legs. The short-term reliability was calculated as a
comparison between 3 averages (of the 3 single measurements) from sessions 1, 2, and 3
only for an unloaded leg. The short-term reliability with simulation of activities of daily
living was calculated as a comparison between 2 averages from sessions 4 and 5 (with
the ADL protocol in between) for both legs. The short-term reliability with simulation
of sport was calculated as a comparison between averages from session 1, 2, and 3 only
for a loaded leg. The between-day reliability with and without simulation of sports was
calculated as a comparison between 2 averages from sessions 1 and 4 for an unloaded and
a loaded leg, respectively. The between-week reliability was calculated as a comparison
between 2 averages from waves 1, 2, and 3 for sessions 1, 2, and 3 and only for an unloaded
leg. The inter-rater reliability was calculated as a comparison between 2 averages from
sessions 1 and 5 for an unloaded leg. The data used for the calculation of individual ICCs
are summarized in Table 2.
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Table 2. Data used for calculation of the intraclass correlation coefficients.

M:I:STZE;;:LS Unit of Sessions Legs Total Number of
Analysis Included Included Measurements Included
Compared
Immediate SM 3 single 1to5 both 1440
Short-term SM 3 mean 1to3 unloaded 144
Short-term ADL 2 mean 4and 5 both 192
Short-term SP 3 mean 1to3 loaded 144
Between days SM 2 mean 1and 4 unloaded 96
Between days SP 2 mean 1land 4 loaded 96
Between weeks SM 2 mean land 2 unloaded 128
Inter-rater reliability 2 mean land 5 unloaded 96

SM: Set of standardized measurement. Involves 12 measures: x3 distal and x3 proximal for each leg, 10-15s
between. ADL: Simulation of activities of daily living: ergometer cycling, 5 min, 100 W, 80 rpm. SP: Simulation of
sport activity: eccentric, concentric, and isometric plantar flexion in dynamometer, 12 sets, 15 s work, 30 s rest.

The coefficient of variation (CV) was calculated by formula in R statistical software:
(standard deviation/mean) x 100. The standard error of measurement (SEM) was calcu-
lated using plotrix package (version 3.8-4) package in R statistical software. The minimal de-
tectable change (MDC) was calculated by formula in R statistical software: 1.96 x SEM x 2.
All valid data points were analyzed, and no outliers were excluded.

3. Results

The median stiffness at the proximal point of the Achilles tendon was 852.5 N/m (IQR
194.5) and at the distal point, 1019.3 N/m (IQR 129.5). The reliability of the MyotonPRO
measurement of Achilles tendon stiffness across different time frames and settings ranged
from good to excellent (Table 3). The test-retest reliability, both with and without subject
repositioning, was excellent with the lower bound of 95% confidence interval exceeding 0.9.
The test-retest reliability, including effect of time (1 day to 2 weeks) and physical activity
stimuli (ADLs, SPs), was good with the lower bound of 95% confidence interval exceeding
0.75 (Figure 3).

Table 3. Results from reliability analyses for the different testing conditions.

Testing Condition o 5I°/C0CCI) (C/‘; (SNEX) MDC (N/m) Me‘tﬁf‘ngQR)
Immediate SM 0.973 (0.968 to 0.978) 15.99 3.95 15.46 951 (238.25)
Short-term SM 0.956 (0.929 to 0.974) 16.14 12.50 49.01 948 (232)

Short-term ADL 0.917 (0.875 to 0.945) 16.00 10.88 42.63 955.5 (236.5)
Short-term SP 0.933 (0.891 to 0.96) 15.74 12.26 48.07 944 (237.5)
Between days SM 0.889 (0.802 to 0.938) 16.51 15.65 61.34 945.5 (254.75)
Between days SP 0.920 (0.859 to 0.955) 16.67 1591 62.35 956.5 (234.75)
Between weeks SM 0.886 (0.811 to 0.931) 15.82 13.05 51.17 953 (219)
Inter-rater reliability 0.887 (0.798 to 0.937) 16.48 15.61 61.21 942 (252.5)

ICC: Intraclass correlation coefficient. CV: Coefficient of variation. SEM: Standard error of measurement. MDC:
Minimal detectable change.

Subgoup and Systemic Bias Analysis

In addition to the overall reliability analyses, we performed subgroup analyses com-
paring the two measurement sites on the Achilles tendon. The proximal measurement
point yielded an intraclass correlation coefficient (ICC) of 0.966 (0.958-0.973), while the
distal measurement point yielded an ICC of 0.956 (0.944-0.966) for immediate SM. These
high and comparable ICC values at both sites further support the robustness and consis-
tency of our standardized measurement protocol. Formal analysis of potential systematic
bias was performed. The Bland-Altman analysis revealed statistically significant negative
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systematic biases ranging from —5.43 to —11.52 N/m (all p < 0.001) (Supplementary Ma-
terials). However, in all cases, the bias remained within the range of minimal detectable
change (MDC = ~15-~62 N/m), indicating that the observed differences are unlikely to be
clinically meaningful.
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Figure 3. Graph of reliability analysis for different testing conditions.

4. Discussion

This study brings novel insights into the reliability of the MyotonPRO and provides
standardized procedures for measuring Achilles tendon stiffness in clinical trials with
patients. The main findings are that (1) the proposed standardized seating position is
highly reliable in measuring Achilles tendon stiffness; (2) the standardized seating position
allowed for highly reliable readings after repositioning the participant; (3) the simulated
ADL did not influence Achilles tendon stiffness; (4) the simulated SP also did not influence
Achilles tendon stiffness; (5) the records were consistent between days and weeks in all
testing conditions. However, a mild decrease in reliability was noted with longer testing
intervals, potentially reflecting variations in tendon biomechanics over the longer periods
(weeks). Collectively, these findings recommend following the proposed standardized
procedures to measure Achilles tendon stiffness with the MyotonPRO, ensuring high
reliability regardless of the time between measurements and physical activity.

Our additional subgroup analyses indicated that the proximal and distal measure-
ment points provide similarly high reliability, with ICCs of 0.966 and 0.956, respectively.
This finding confirms that both regions of the Achilles tendon can be reliably measured
using the MyotonPRO in the standardized seated position. Although we did not perform
formal sensitivity analyses, these subgroup results, in conjunction with our other reliability
assessments, strongly support the validity and robustness of our measurement approach.
We acknowledge that future studies may benefit from incorporating sensitivity analyses to
further explore potential variability across different analytical models.

Previous studies have tested the MyotonPRO inter-session reliabilities (up to one week
apart) for Achilles tendon stiffness in a relaxed prone, ankle-free position (i.e., with the foot
hanging freely), finding ICCs from 0.80 to 0.90, SEMs from 24.7 to 58.8 N/m and MDCs
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from 58.8 to 69.0 N/m [17,29,30]. These outcomes can be improved by using a splint to
maintain the same ankle range of motion, resulting in ICCs of 0.95, SEMs of 13.8 N/m
and MDCs of 36.7 N/m [15]. Building on this, our study designed a standardized seated
position and provided a comprehensive reliability report under different exercise stimuli
and time intervals. Results showed comparable excellent outcomes in all settings (ICC from
0.89 to 0.97, SEM from 4.0 to 15.9 N/m, MDC from 15.5 to 62.4 N/m), thus recommending
its implementation in future studies involving Achilles tendon stiffness measurement.

In comparison with other techniques, such as shear-wave ultrasound elastography
(SWUE) or ultrasound-based displacement measurements during maximal voluntary con-
traction, the MyotonPRO offers several advantages. Most importantly;, it is less operator-
dependent, providing direct quantitative results for stiffness without the need for extensive
ultrasound expertise or visual interpretation of tissue images. While SWUE can provide
detailed tendon structure, it requires specialized training and reproducibility can vary
widely. In contrast, our results suggest that the MyotonPRO provides a convenient and
portable solution, particularly in situations where visual imaging is not essential but reliable
numerical estimates of tendon stiffness are required. Nevertheless, future studies could
compare seated measurements to prone or standing methods to determine whether the
seated position confers additional benefits in terms of participant comfort, reduced muscle
tension, or ease of landmark identification.

Not only does this study show superior reliability outcomes with a standardized seated
position, it also demonstrated consistent outcomes between days and weeks. Although
the inter-session reliability has been previously assessed at 7 days [17,29,30] and 5 days
apart [15], to our knowledge, our study is the first to assess reliability over longer time
intervals (14 days). Measurements between weeks are crucial for evaluating the clinical
effect in tendinopathy patients, where initial improvements may take weeks or even months
to occur [16,31]. Nonetheless, considering magnitude of errors in relation to the absolute
tendon stiffness (i.e., 850 to 1000 N/m), the expected variability across days would represent
less than 0.35% of the outcome, which is highly acceptable.

Muscle tension may also influence stiffness measurements, as any residual activation
in the triceps surae could slightly alter the measured tendon properties. By seating partici-
pants with knees bent at 90° and encouraging full relaxation, we attempted to minimize
this confounder. However, more sensitive electromyographic (EMG) monitoring might be
employed in future work to ensure negligible muscle activation during testing. Addition-
ally, our results revealed that both activities of daily living (ADL) and the simulation of
sport had no notable immediate impact on Achilles tendon stiffness. While this suggests a
certain resilience of tendon stiffness to single bouts of loading, it also provides practical
insight for planning measurement schedules in clinical or research settings. Nonetheless,
the cumulative effects of repetitive or prolonged loading over days or weeks remain an
important area for further investigation.

The Achilles tendon stiffness showed no apparent changes after both exercise stimuli.
Accordingly, researchers can expect that a low-to-moderate physical activity, such as
walking or cycling, will have no effect on Achilles tendon stiffness. Similarly, a single high-
impact effort (i.e., isometric maximal plantar flexion) seems not to evoke noticeable changes
in the records. Because this is the first report detailing measurement errors under these
specific exercise conditions, future research could expand upon this work by examining
other forms of loading (e.g., plyometric jumps or sprint protocols) and longer bouts of
repetitive stress. Future studies are encouraged to determine the reliability of Achilles
tendon stiffness measurement under other stimuli (e.g., jumps or sprints). This information
is essential for designing high-quality clinical trials capable of identifying real changes
after a given intervention. All in all, the cumulative effect of loading during days or weeks
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should be considered by researchers, as tendon tissue can react after consistent loading
over weeks to months [24].

Regarding clinical application, the minimal detectable change (MDC) values observed
(ranging from ~15 to ~62 N/m) provide a frame of reference for interpreting “true” changes
in tendon stiffness. For instance, if a treatment yields a stiffness alteration below the
MDC, clinicians might question whether this shift is clinically meaningful or simply a
random error. Thus, the absolute indices reported here serve as practical thresholds when
monitoring rehabilitation or training outcomes.

In sum, this study provides background for assessing Achilles tendon stiffness in
clinical studies and explains what to expect from a reliability standpoint when measuring
with intervals of minutes, days, and weeks between measurements. The information herein
lays the foundation for determining accurate, meaningful changes in Achilles tendon
stiffness after a rehabilitation or training program. Based on the data, it is recommended
to use a standardized position for each measurement to achieve excellent reliability of
MyotonPRO in the Achilles tendon region over a time horizon between measurements
ranging from 10-15 min to 2 weeks. The sitting position may be the best option as it
causes less of a stretch in the plantar flexors compared to lying on the belly with a 90°
angle in the ankle. This means that the tendon tissue is less affected by the muscle during
measurements. Standardizing the ankle position, relaxing the plantar flexors, and fixing the
position of MyotonPRO proved to be crucial in maintaining reliability, even with several
weeks between measurements.

There are some limitations to this study that should be noted. Only healthy participants
were recruited, so the results may be different in tendinopathy patients. This choice
may introduce biases, as the stiffness, and any potential central inhibition in clinical
populations could differ from those in healthy individuals. The stiffness measurement
was only taken at two points, so there may be different results for different points on the
Achilles tendon. However, we did not observe any significant differences between the
proximal and distal locations in data analysis. The simulation of sport was conducted on a
dynamometer, which may be different in comparison to real sport conditions. However,
the dynamometer enabled a comparable and controlled environment for all participants.
The ADL simulation involved an ergometer followed by heel rises, so the results for actual
walking or stairs climbing may differ. However, this setup again provided a comparable
and controlled environment.

5. Conclusions

Overall, the MyotonPRO has demonstrated good to excellent reliability when utilizing
a standardized participant position and precise positioning of the measuring device on
the rack to eliminate any deviations in the angle relative to the measured Achilles tendon.
Nevertheless, these findings primarily apply to healthy young adults under controlled
conditions, and must be interpreted with caution in clinical scenarios involving older or
symptomatic populations. The reliability of the MyotonPRO has been confirmed for the
same operator across different days and weeks, as well as between two operators using
the same standardized measurement protocol. Within these parameters, the MyotonPRO
can be confidently employed to capture tendon stiffness values in a consistent manner.
However, additional research is warranted to determine the device’s performance in diverse
patient groups and real-world clinical settings.

In conclusion, while these findings underscore the reliability of MyotonPRO measure-
ments for Achilles tendon stiffness in healthy young adults, they should be interpreted
with caution when applying them to clinical populations. Future work might explore other
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sampling sites, employ alternative exercise stimuli, and include symptomatic individuals to
better elucidate the MyotonPRO'’s full potential in rehabilitation and performance contexts.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/jfmk10010083/s1, Supplementary Photo S1: MyotonPRO; Supplementary
Photo S2: Adjustable rack for standardization; Table S1: Sport simulation loading protocol (SP);
Supplementary—Systematic Bias Analysis.
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Abbreviations

The following abbreviations are used in this manuscript:

ICC Intraclass correlation coefficient
Amm  Tendon displacement

SWUE Shear wave ultrasound elastography
SM Standardized measurements

SP Sports activities

ADL Activities of daily living

IOR Interquartile range

kg Kilogram

R R Studio

D Identification

N/m Stiffness

Ccv Coefficient of variation

SEM Standard error of measurement

MDC  Minimal detectable change
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Abstract: This study compares biomechanical and bioelectric electromyography (EMG) normalization
techniques across disparate age cohorts during walking to assess the impact of normalization methods
on the functional interpretation of EMG data. The biomechanical method involved scaling EMG to a
target absolute torque (EMGrg) from a joint-specific task and the chosen bioelectric methods were
peak and mean normalization taken from the EMG signal during gait, referred to as dynamic mean
and dynamic peak normalization (EMGyjean and EMGpeg,y). The effects of normalization on EMG
amplitude, activation pattern, and inter-subject variability were compared between disparate cohorts,
including OLD (76.6 yrs N = 12) and YOUNG (26.6 yrs N = 12), in five lower-limb muscles. EMGpex
normalization resulted in differences between YOUNG and OLD cohorts in Biceps Femoris (BF)
and Medial Gastrocnemius (MG) that were not observed with EMGyjean or EMGrg normalization.
EMGpeak and EMGyjean normalization also demonstrated interactions between age and the phase
of gait in BF that were not seen with EMGrg. Correlations showed that activation patterns across
the gait cycle were similar between all methods for both age groups and the coefficient of variation
comparisons found that EMGrg produced the greatest inter-subject variability. We have shown that
the normalization technique can influence the interpretation of findings when comparing disparate
populations, highlighting the need to carefully interpret functional differences in EMG between
disparate cohorts.

Keywords: EMG; EMG normalization; biomechanical normalization; bioelectric normalization;
ageing; gait

1. Introduction

The amplitude of raw electromyography (EMG) can be greatly affected by conditions
during collection including subcutaneous tissue thickness [1], electrode placement [2], joint
angle and muscle movement [3], as well as cross talk from nearby muscles [4]. Therefore, it
is not valid to make comparisons of raw EMG amplitude between subjects, muscles, tasks,
or after changing the placement of electrodes. To enable comparisons of EMG between indi-
viduals, groups and conditions over time during walking gait, EMG is typically normalized
using either bioelectric or biomechanical techniques [5]. Bioelectric methods normalize
EMBG to a level recorded during a task such as walking or an isolated normalization task.
Commonly employed bioelectric techniques include maximum voluntary isometric contrac-
tion (MVIC), dynamic EMG peak (EMGpe,x) or dynamic EMG mean (EMGyjean), among
others [6]. For a detailed comparison of bioelectric methods, see [5]. EMGpeax and EMGpfean
are the maximum and mean EMG amplitude achieved during a task, respectively. MVIC
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is the average maximum EMG amplitude achieved during an isometric contraction using
an independent isometric task. One issue of using MVICs to normalize EMG is the lack
of consistency between trials, as demonstrated by Yang and Winter (1984) [7], who found
that within-day and between-day submaximal contractions are more reliable compared
to MVIC. Further, for older individuals, there can be a hesitancy to perform a true MVIC
due to discomfort or pain associated with this task [8], particularly if the patients have
an age-related injury or pathology [9,10] such as arthritis [11]. Submaximal contractions
for normalization of EMGpea and EMGyean are less physically strenuous and therefore
address the issues of consistency and discomfort associated with the MVIC technique [7,12].

A limitation of bioelectric normalization techniques is that they could result in a
misrepresentation of the absolute amplitude of force generated by the muscle and impede
apposite comparison between functionally disparate groups [6]. For example, in clinical
populations, during a task such as walking, the force generated by a muscle could be much
lower than the controls, but this would not be adequately captured using MVIC, EMGpg,x
and EMGyfean Nnormalization [13].

Bioelectric normalization methods are used to examine the relative differences between
individuals or groups, but often an absolute comparison may provide more relevant infor-
mation concerning force production during a task. Therefore, the use of a biomechanical
EMG normalization technique based on torque-scaled values of EMG could enable function-
ally relevant comparisons between disparate populations [5,14]. This type of normalization
technique has been previously employed [7,15,16]. For example, Ng et al. (2002) [15]
assessed the difference in the EMG activity of trunk muscles between individuals with and
without back pain using submaximal contractions to specific loads. To date, bioelectric and
biomechanical methods of normalization have not been rigorously compared to determine
the effect of the normalization technique on the capacity to detect differences between
disparate cohorts during walking gait. While Yang and Winter (1984) [7] did compare
bioelectric and biomechanical methods of normalization, the biomechanical normalization
method used a subject relative load (50% MVIC), and thus this method did not incorporate
EMG activation associated with an externally determined target absolute load. Therefore,
there is a need to compare bioelectrical EMG normalization techniques to a biomechanical
EMG normalization method that uses a common target absolute load to detect differences
in EMG amplitude and activation pattern between disparate cohorts during walking gait.

This study compared EMG between OLD and YOUNG subjects using an EMG torque-
scaled (EMGrs) normalization technique and two popular methods of bioelectric EMG
normalization, EMGyjean and EMGpeai. These methods were compared with respect to
their ability to detect differences in EMG amplitude, activation pattern and inter-subject
variability during walking gait. Having a better understanding of the limitations and bene-
fits of each normalization technique facilitates a more informed choice that may impact the
interpretation of findings. As the current literature provides little evidence to characterize
the relationship of the amplitude and activation pattern differences between bioelectric and
biomechanical normalization methods, we sought to determine whether the chosen normal-
ization method impacts the functional interpretation of the data. We also expected that the
inter-individual variability of EMG would be preserved with biomechanical normalization
and reduced with bioelectrical methods.

2. Materials and Methods
2.1. Participants

Twelve healthy YOUNG (six males, six females, aged 26.6 £ 5.5 yrs) and twelve
healthy OLD (eight males, four females, aged 76.6 & 5.0 yrs) adults were convenience
sampled and participated in the study with informed written consent. Subjects were
screened using the Canadian PAR-Q+ questionnaire and medical clearance was requested
for participants who answered Yes to any question. Inclusion criteria for the study required
participants to be able to walk unassisted, have a mini-mental state exam score of 24 or
greater, and older participants were aged 65 years or older. Participants were excluded if
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they were unable to walk at least 200 m or had a musculoskeletal or neurological disorder.
The experimental protocol was approved by the University of Victoria Human Research
Ethics Committee (12-272).

2.2. Protocol
2.2.1. Walking Trials

Subjects walked on a treadmill at a self-selected walking pace (OLD—3.57 +/— 0.58 km/h;
YOUNG—4.14 +/ — 0.74 km/h) while EMG was recorded from the right lower limb throughout
the gait cycle.

2.2.2. Submaximal Isometric Contraction Trials and Load-EMG Relationship
Determination

Subjects were seated in a chair with a padded cuff attached to their right lower leg for
the knee flexion/extension task or the foot for ankle plantarflexion/dorsiflexion task. To
determine the torque-EMG relationship for the muscles studied, four submaximal isometric
contractions were performed with the force of each contraction measured via a load cell
(model LC101-50, Omega Sensing Solutions ULC, St Eustache, QC, Canada). For knee
flexion and extension, the knee was positioned at an angle of 120° with the cuff 20 cm distal
to the knee joint centre; participants produced and maintained torque moments of 0.91 Nm
(knee flexion) and 1.36 Nm (knee extension) corresponding to a load of 10 Ibs and 15 Ibs,
respectively. For plantarflexion and dorsiflexion, the subject was standing and facing a
padded chair, the knee was placed at 90 degrees on the seat with the ankle held at 90°
and the cuff positioned on the foot 10 cm distal to the centre of medial malleolus; subjects
produced and maintained torque moments of 0.682 Nm (plantarflexion) and 0.273 Nm
(dorsiflexion) corresponding to loads of 15 Ibs and 6 Ibs, respectively. Knee and ankle
joint angles were positioned and maintained by the researcher using a manual goniometer.
Participants were instructed to gradually increase the force of contraction to the target force
(£0.05 kg) and maintain for 5 s. A digital oscilloscope was used to provide visual feedback
to the participant. Familiarization trials were performed until the participant could reliably
maintain the target force.

2.3. EMG Collection and Conditioning

Electromyographic (EMG) activity was collected using Ag-AgCl bi-polar disposable
electrodes (model T3425, Thought Technology, Montreal, QC, Canada) spaced 2 cm from
centre-to-centre. EMG electrode sites were prepared by removing body hair and thoroughly
cleaning the area with alcohol swabs. EMG was recorded from tibialis anterior (TA), soleus
(SOL), medial gastrocnemius (MG), vastus lateralis (VL), and biceps femoris (BF) on the
right side. Common grounds were placed over the patellar surface. EMG for both the torque
scaled and walking trials were pre-amplified at a gain of 5000 and filtered at 10-300 Hz
by Grass Technologies P511 (model P511 Grass Instruments, AstroNova, Brossard, QC,
Canada). Recorded EMG was full-wave rectified and then filtered using a 40 Hz fourth
order Butterworth low pass-filter to create a linear envelope for further analysis.

EMG was sampled at 1000 Hz with a 16-bit A/D converter and collected and analyzed
using custom-written LabView 2013 software (National Instruments Corp., Austin, TX,
USA). EMG data for the walking trial were phase averaged into 16 equal phases across the
gait cycle. Phases 1-10 correspond to stance, while phases 11-16 correspond to swing for
the right leg (See Figure 1). EMG recording and processing methods follow the work of
Hundza et al., 2018 [17].
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Figure 1. Adult gait cycle from right heel-strike to right termination of forward swing separated into
sixteen equal phases.

2.4. Normalization of EMG Data

Averaged data for each phase were normalized using each of the three normalization
techniques for each participant (see Section 2.5 for Formulae). Maximum EMG amplitude
and mean EMG amplitude achieved across the phases during the walking task (EMGr,g)
were used for the EMGpe,x and EMGypean normalization techniques, respectively. The
background (at rest) EMG was calculated from the mean EMG during a 500 ms window of
the isometric submaximal contraction trial before the contraction began. The average load
during the window of the isometric contraction was then divided by the subtracted EMG
to create a scaling factor in units of Nm. To calculate EMGrs, each subject’'s EMGr,q was
multiplied by the scaling factor for that participant.

2.5. Formulae

Dynamic Peak Method : EMGpeax = _ EMGrask
EMGTask(Peak)
E
Dynamic Mean Method : EMGpjean = _ EMGrask
EMGTask(Mean)
T
Torque-scaled Method : EMG1g = EMGTaSkM
EMGLoad

2.6. Statistical Analysis

Phase averaged data for EMGpeax, EMGpean and EMGrs normalization techniques
were compared. Separate repeated measures analysis of variance (ANOVA) tests for each
of the 5 muscles and 3 normalization methods were conducted using a 2 (Age) x 16 (Phase)
model with Tukey’s HSD post-hoc analysis. The coefficient of variation (CV) was cal-
culated for all normalization methods for each cohort as a measure of inter-individual
variability across phases. CV was compared between ages, normalization methods, and
age*normalization method interactions for each muscle using repeated measures ANOVA
with Tukey’s HSD post-hoc analysis. Pearson’s product-moment correlations were per-
formed between cohorts across all phases. Significance was set at o < 0.05 for all compar-
isons and correlation coefficients were interpreted as <0.40 = weak, 0.40-0.69 = moderate,
0.70-0.89 = strong, and >0.90 very strong [18]. ANOVA effect sizes were reported as par-
tial eta squared (np?) with values of 0.02 considered small, 0.13 as medium, and 0.26 as
large [19]. All data are presented as mean + SEM except subjects’ ages, which are presented
as mean =+ SD.
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3. Results
3.1. Amplitude Differences

Normalized EMG activity values averaged across participants across the phases of
the gait cycle for YOUNG and OLD cohorts for each normalization method are displayed
in Figure 2. The main effects for age were observed with a medium effect size in BF
(F(1,22) = 6.266; p = 0.020, np? = 0.21) and MG (F(1,22) = 6.631; p = 0.017, np? = 0.14) for
EMGpe,k normalization with a greater EMG amplitude for OLD (BF = 47.96 +/— 7.02;
MG =51.36 +/— 8.21) than YOUNG (BF =43.93 +/— 6.88;, MG = 48.62 +/— 8.66) cohorts.
Age*phase interactions were observed with EMGpfean and EMGpe,i in VL, BE, and TA and
for EMGrg in BF and TA with small effects observed for all comparisons except EMGpfean
and EMGpg,i in BE, which had a medium effect size (see Table 1).
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Figure 2. Normalized EMG averaged across YOUNG (N = 12) and OLD (N = 12) participants
(+/— SEM) for EMGpe.k (a), EMGpjean (b) and EMGrg (c) for lower-limb muscles across the gait
cycle during walking. Significant differences between cohorts at a given phase of movement are
indicated by *, while t indicates a main effect for age.
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Table 1. Significant age*phase interactions between OLD (N = 12) and YOUNG (N = 12) mean EMG
across the gait cycle (16 phases) in five muscles involved in walking.

Muscle Normalization df p F np?
VL EMGpmean 15,330 0.036 1.781 0.08
VL EMGpeak 15,330 0.003 2.334 0.10
BF EMGpean 15,330 0.000 7.333 0.25
BF EMGpe,x 15,330 0.000 6.088 0.22
BF EMGrs 15,330 0.001 2.592 0.11
TA EMG\ean 15,330 0.046 1.721 0.07
TA EMGpe,x 15,330 0.007 2.170 0.09
TA EMGrts 15,330 0.032 1.814 0.08

Post-hoc Tukey’s test for age*phase interactions revealed that there were significant dif-
ferences in the BF muscle with EMGyjean normalization in phases 3 (p < 0.01), 4 (p < 0.001),
and 16 (p < 0.05). There were also differences in the BF muscle with EMGp,,y normalization
in phases 3 (p < 0.05), 4 (p < 0.01), and 16 (p < 0.001). With both normalization methods, the
EMG amplitude was greater in OLD than YOUNG cohorts for phases 3 and 4 and greater
in YOUNG than OLD cohorts for phase 16. Post-hoc analysis did not reveal differences
between YOUNG and OLD cohorts for any other comparisons with interaction effects. The
EMG amplitude for each age group can be seen for the five muscles across the phases of
gait, including significant main and interaction effects, in Figure 2.

3.2. EMG Pattern

Normalized EMG activities for each cohort were compared for each muscle across
the 16 phases of the gait cycle for each normalization method. There were very strong
correlations observed for all comparisons between EMGyjean and EMGpe,y for both cohorts
with an average correlation across all muscles of r = 0.99 for OLD and r = 1.00 for YOUNG
cohorts. EMGpeak vs. EMGTg were very strongly correlated for all muscles in the YOUNG
cohort and for VL, BF, and TA in the OLD cohort with MG and SOL strongly correlated
(average r = 0.88 for OLD and r = 0.98 for YOUNG). EMGyjean vs. EMGrg were very
strongly correlated for all muscles in the YOUNG cohort and for VL, BF, and TA, and SOL
in the OLD cohort with MG strongly correlated (average r = 0.90 for OLD and r = 0.98 for
YOUNG). See Table 2 for all correlation results.

Table 2. Pearson’s correlations between OLD (N = 12) and YOUNG (N = 12) mean EMG across the
gait cycle (16 phases) in five muscles involved in walking.

Age Correlation VL BF TA MG SOL
OLD EMGpeak vs. EMGpean 1.00 1.00 1.00 0.99 0.98
OLD EMGpeqx vs. EMGrg 0.99 0.98 1.00 0.70 0.72
OLD EMGpean vs. EMGrs 0.99 0.98 1.00 0.70 0.84
YOUNG EMGpeak vs. EMGpean 1.00 1.00 1.00 1.00 0.99
YOUNG EMGpeax vs. EMGrg 1.00 1.00 0.99 0.93 0.97
YOUNG EMGpean vs. EMGrs 1.00 1.00 0.99 0.92 0.98

3.3. Inter-Subject Variability

The coefficient of variation (CV) across phases of the gait cycle averaged for each
cohort and normalization technique for each muscle is displayed in Figure 3. The main
effects for age were observed in BF, TA, and MG with a moderate effect size for BF, small
effect size for TA, and large effect size for MG. The main effects with large effect sizes were
observed for all normalization methods except TA, which had a medium effect size. There
were age*normalization interactions with large effect sizes in BF and MG, while SOL had
an age*normalization interaction with a small effect. See Table 3 for all significant results.
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Figure 3. Mean coefficient of variation of three EMG normalization techniques for YOUNG (N = 12)
and OLD (N = 12) participants in lower-limb muscles during walking. Significant main effect for age
is indicated by 1, significant age*normalization interactions by *, and significant post-hoc comparisons
of normalization are indicated by horizontal bars.

Table 3. Significant age, normalization, and age*normalization interactions between OLD (N = 12)
and YOUNG (N = 12) EMG coefficient of variation across the gait cycle (16 phases) in five muscles
involved in walking.

Effect Muscle df p F np2
Age BF 1,90 0.000 23.667 0.21

Age TA 1,90 0.001 12.470 0.12

Age MG 1,90 0.000 44.749 0.33
Normalization VL 2,90 0.000 119.460 0.73
Normalization BF 2,90 0.000 185.955 0.81
Normalization TA 2,90 0.000 11.348 0.20
Normalization MG 2,90 0.000 176.677 0.80
Normalization SOL 2,90 0.000 57.755 0.56
Age*Normalization BF 2,90 0.000 26.188 0.37
Age*Normalization MG 2,90 0.000 32.780 0.42
Age*Normalization SOL 2,90 0.043 0.821 0.02

Post-hoc Tukey’s tests identified differences in CV between EMGpe,x vs. EMGrs
(p <0.001) and EMGpfean vs. EMGrs (p < 0.001) with EMGrtg CV being higher in both
cases, but with no difference between EMGMean and EMGPeak. Post-hoc analysis of the
interaction between age and normalization effect between matched cases found that in BF,
EMGTs CV was greater in OLD than YOUNG (p < 0.001) cohorts and in MG, EMGrg CV
was greater in YOUNG than OLD (p < 0.001) cohorts.

4. Discussion

There were three main findings of this study comparing bioelectric (EMGpfean and
EMGpe,x) and biomechanical (EMGrs) normalization techniques in older (OLD) and young
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(YOUNG) adults. First, there was no agreement for the statistical interpretation of EMG
amplitude differences between age groups with the three normalization techniques. The
EMGpe,x method identified amplitude differences between the two age groups in two of
the five muscles (BF and MG) that EMGyjean and EMGrg did not. Additionally, both
EMGpeax and EMGyjean normalization resulted in age*phase interactions in the biceps
femoris muscle. This highlights the fact that the interpretation of EMG is dependent on the
normalization method used, and it is essential to consider the strengths and limitations of
each method when making functional interpretations.

The second notable finding was that EMG activation patterns across the gait cycle were
generally similar between the normalization methods. As mentioned, the normalization
method did result in notable EMG amplitude differences between cohorts for some muscles
at some phases of the gait cycle, but the activation pattern across the phases were generally
not different and they were strongly correlated for both cohorts.

Finally, the coefficient of variation (CV), the representation of inter-individual vari-
ability, was much greater for EMGrg, while EMGypjean and EMGpe, were alike for all
muscles. This finding supports our hypothesis that EMGrg normalization would retain
more inter-individual variability, which in some cases may be highly desirable; however, it
also emphasizes that even when large differences are expected, a larger sample size may be
required to counteract the increase in variability.

Our findings clearly demonstrate that the normalization method can influence the
results and thus the conclusions drawn from EMG interpretation and highlights the impor-
tance of choosing a normalization technique based on the specific research question with a
full understanding of the limitations and bias of the normalization procedure.

4.1. Rationale for Normalization Protocols

The bioelectric techniques, EMGpfean and EMGpe,i, were chosen for the present study
as they are currently popular techniques [5]. Normalization to MVIC was excluded as a
technique as it poses an injury, pain, or fear risk to an older cohort [20]. The biomechanical
normalization method was designed to be easily performed across disparate populations
(i.e., OLD and YOUNG cohorts) and include submaximal isometric contraction with ab-
solute target torques at reproducible joint angles. Because the joint angle can influence
force production and different populations may have different available ranges of motion,
mid-range joint angles were chosen within an optimal force-joint angle range. Thus, this
normalization method could be employed in any paradigm that was comparing EMG levels
across disparate populations in different tasks. Isometric MVC is known to have equal
inter-subject variability compared to dynamic submaximal contractions [6] and greater vari-
ability compared to isometric submaximal contractions [21]. Also, Burden et al. (2003) [6]
reported that the use of dynamic (isokinetic) contraction methods does not decrease the
intra-individual variability over isometric methods, while it does comparatively increase
the complexity and duration of the normalization protocol. Thus, it is reasonable to infer
that isometric submaximal contraction should have the lowest inter-subject variability.
Finally, an absolute submaximal load for each muscle contraction was chosen to enable
functionally relevant comparisons between disparate populations at the same absolute
load [5,14].

While EMGrs provides an individual scaling factor to normalize across subjects and
populations, it does not account for the potential curvilinear relationship between muscle
force and EMG during static contraction [22,23] and more complex relationships during
dynamic contractions [24,25]. Importantly, the individual load scaling method presented in
this study is a means to bring all subject-specific values to an approximate absolute load
and is not meant to infer accurate measures of joint torques through EMG measurement.
Therefore, as with all normalization techniques, functional interpretations of the results
must account for these limitations.
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4.2. EMG Activation Pattern and Amplitude

When comparing muscle activation across different populations, or before and after
an intervention, it is valuable to evaluate both the amplitude and pattern of EMG activation
as well as their interaction and consider the functional interpretation of the results. The
differences observed between the OLD and YOUNG EMG amplitude across the phases
of the gait cycle in the present study depend on the normalization technique used. Both
EMGpeax and EMGyean identified age*phase interactions in three muscles (VL, BE, and
TA), while EMGrg showed interactions in BF and TA, although following post-hoc analysis,
significant age*phase interactions were only observed in BF for phases 3,4, and 16 with
EMGpeax and EMGyjean normalization. These phases are critical transition points of the
gait cycle in the BF muscle during weight acceptance in the stance phase (phases 3 and 4)
and terminal swing (phase 16). In the stance phase, the pattern of EMGrg generally agrees
with both EMGypfean and EMGpe,i; however, terminal swing displays large differences
where OLD EMG amplitude was greater than YOUNG using EMGpe,x and EMGyean
normalization, while EMGrs showed no evidence of differences (see Figure 2). This
discrepancy leads to the potential for incorrect functional interpretations of results. For
instance, one could infer that older adults have insufficient activation of BF during terminal
swing based on the results of EMGpe. and EMGyjean and over-activation during the early
stance phase. This phenomena is more likely a result of the normalization technique rather
than a true functional difference between groups [5]. Thus, the normalization technique
can influence the conclusions that can be drawn, which may have critical implications for
studies attempting to support clinical differences between groups.

Despite the potential differences in EMG amplitude with the three normalization
techniques, the muscle activation patterns across the gait cycle were generally similar
between the cohorts across the normalization methods as evidenced by the significant
correlations between OLD and YOUNG for each muscle. This indicates that each method
effectively characterises the inherent phase modulation during gait.

4.3. Inter-Subject Variability

While EMGpe,x remains a common normalization technique, EMGpjean, has been
suggested as the preferred bioelectric normalization method because it has been reported to
reduce inter-individual variability more than EMGpe,i while maintaining the characteristic
activation profile [6,7,26]. In a review by Burden (2010) [5], it was identified that EMG
normalization procedures that reduce inter-subject variability are viewed positively because
they increase the power of statistical comparisons between groups. However, normalization
techniques that allow the expression of variability may more accurately represent the “true”
variability in the EMG amplitude related to absolute force production during a task by
subjects within a group. Therefore, it is important to consider the effect of a normalization
technique on the inter-subject variability inherent in the raw EMG as well as maintaining
variability associated with “true” differences in EMG amplitude relative to absolute force
production during task performance. This is aptly demonstrated when comparing the
effect of normalization using EMGrg compared to the EMGyjean and EMGpe,i. This can be
observed in the larger CV values for EMGrg compared to EMGyjean and EMGpe,y for all
muscles (see Figure 3). The EMGrts method takes into account the subjects’ capacity relative
to an absolute load when comparing EMG during the walking task, whereas EMGpjean
and EMGp,,i take into account the subjects” performance relative to a trial-specific EMG.
However, greater variability with EMGrg results in reduced statistical power and likely
warrants larger sample sizes than either of the bioelectrical normalization techniques.

A potential source of error that could increase inter-individual variability in torque-
scaled normalization is the accuracy of the force generated by the participant. Even small
deviations from the target force could result in large changes in the Nm/uV estimate.
This phenomenon was also observed by Yang and Winter (1984) [7] who used 50% MVIC-
moment relationships to normalize EMG and found that the accuracy of the submaximal
contraction was important as small deviations from 50% resulted in large errors in their
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scaling factor, particularly if the EMG-moment relationship was not linear. Therefore,
it remains to be confirmed if increased variability with load scale normalization truly
represents actual differences among individuals or if methodological rigour contributes
to this variability. The effects of age on variability of force production and motor unit
discharge patterns imply that older individuals have intrinsically higher variability in force
production [27]. This is supported by our finding that OLD CV was larger than YOUNG
CV when normalized to EMGrg for BF where OLD CV was greater than YOUNG CV, but
our results observed the opposite in MG where YOUNG CV was greater than OLD CV.
No age differences in CV were observed with EMGyjean and EMGpe, methods. Since the
bioelectric normalization methods intentionally suppress inter-individual variability, this
result is not unexpected [5]. This highlights the concerns raised by Hsu et al. (2006) [28]
that normalizing EMG to the mean or peak of a task reduces inter-individual variability
and dilutes the true variation in gait EMG and does not represent a subject’s actual capacity,
but rather the EMG activation relative to the task-specific EMG value.

5. Conclusions

The current findings demonstrate that depending on the normalization technique
employed, different results emerge from the same raw EMG data, leading to the potential
for different conclusions to be drawn. Thus, it is critical to have an in depth understanding
of the influence of the normalization method used to make an informed choice of the
most appropriate method to address the research question and accurately interpret the
results. We noted the differing effect of the normalization method on EMG amplitude and
inter-subject variability. Additionally, although the activation patterns across phases were
generally similar between normalization methods, there were notable differences between
cohorts in some muscles depending on the normalization technique used.
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Abstract: We investigated the acute biophysical responses of changing the mandibular position dur-
ing a rowing incremental protocol. A World-class 37-year-old male rower performed two 7 X 3 min
ergometer rowing trials, once with no intraoral splint (control) and the other with a mandibular
forward repositioning splint (splint condition). Ventilatory, kinematics and body electromyogra-
phy were evaluated and compared between trials (paired samples t-test, p < 0.05). Under the
splint condition, oxygen uptake was lower, particularly at higher exercise intensities (67.3 &= 2.3 vs.
70.9 + 1.5 mL-kg~!-min~1), and ventilation increased during specific rowing protocol steps (1st-4th
and 6th). Wearing the splint condition led to changes in rowing technique, including a slower rowing
frequency ([18-30] vs. [19-32] cycles-min_l) and a longer propulsive movement ([1.58-1.52] vs.
[1.56-1.50] m) than the control condition. The splint condition also had a faster propulsive phase and
a prolonged recovery period than the control condition. The splint reduced peak and mean upper
body muscle activation, contrasting with an increase in lower body muscle activity, and generated an
energetic benefit by reducing exercise cost and increasing rowing economy compared to the control
condition. Changing the mandibular position benefited a World-class rower, supporting the potential
of wearing an intraoral splint in high-level sports, particularly in rowing.

Keywords: occlusal splints; mandibular repositioning; elite sport; oxygen uptake; biomechanics;
electromyography

1. Introduction

Rowing is a sport characterized by both strength and endurance where performance
is influenced by factors such as aerobic and anaerobic power, physical strength and rowing
technique [1]. Given that rowers must develop several skills and capacities to achieve
success, multimodal measurement systems are often required to simultaneously evaluate
performance, physiology and mechanics in rowing [2]. Notably, during a prominent rowing
competition such as the 2000 m race, a rower predominantly relies on aerobic metabolism
(~80%) [3-5], underscoring the critical role of aerobic performance in this sport. Given this
importance, forwarding the mandibular position using an occlusal splint during rowing
may prove beneficial since these intraoral splints have been associated with enhanced gas
exchange during exercise [6-8]. Indeed, the effectiveness of mandibular advancement in
enlarging upper airway dimensions is well-documented in the treatment of sleep apnoea [§],
sparking considerable interest in its potential applications in the field of sport.
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The mandibular protruding position and its related effects on the upper airway, such
as increased airflow and decreased airway resistance, have been debated regarding their
potential to enhance aerobic exercise performance [7,8]. Nevertheless, although the ven-
tilatory effects of wearing a mandibular protruding splint during exercise have recently
gained attention and garnered debate, research on its impact on physiology and perfor-
mance remains limited. Investigations into how a mandibular forward repositioning splint
may enhance performance have primarily focused on recreational and trained individuals
during submaximal and maximal running [6-8], with less emphasis on other sports and
elite athletes. Therefore, we investigated the acute biophysical effects of using a mandibu-
lar forward repositioning splint in a World-class rower during a progressive incremental
rowing ergometer test.

2. Materials and Methods
2.1. Participant

A World-class male rower (2012 and 2016 Olympic Games finalist, 2022 European
and 2019 and 2021 World Rowing Champion), aged 37 years, with height of 1.87 m and
body mass of 79.9 kg, gave his written informed consent to participate after explanation of
the project aims, methods, benefits and risks (unconditional withdrawal was possible at
any point). The local University Ethics Committee approved the study according to the
Declaration of Helsinki.

2.2. Design

The rower performed an incremental intermittent protocol in a rowing ergometer
(Concept Il model D, fixed, Morrisville, VT, USA) in two sessions 24 h apart, once without
the use of an intraoral splint (control) and the other wearing a mandibular forward reposi-
tioning splint (splint condition). Ventilatory, kinematic and body-surface electromyography
(EMQG) variables were recorded throughout. The rower was familiarized with the intraoral
splint prior to the corresponding testing session without being informed of its potential
biophysical effects.

2.3. Methodology

The rower completed a low-intensity 10 min warm-up on the rowing ergometer at a
self-selected frequency before each test. The incremental protocol consisted of 7 x 3 min
rowing steps, interspersed with 30 s intervals for blood sampling collection [9,10]. The
initial workload was set at 180 W and increased to 30 W between consecutive steps. The
7th step power was based on the individual 2000 m rowing ergometer performance [11],
and six power increments were subtracted to calculate the 1st step power output.

Breath-by-breath data were continuously collected (K5, Cosmed, Rome, Italy), and
3D kinematic variables were recorded at 100 Hz (Miqus, Qualisys AB, Goteborg, Sweden)
between the 60 and 120 s interval within each step. Biceps brachii, posterior deltoid and
rectus femoris EMG were assessed constantly (right hemibody) by the Trigno Avanti sensors
(Delsys, Natick, MA, USA). Muscle surface preparation and sensor placement followed the
SENIAM recommendations [12]. A 5 pL sample of capillary blood for lactate concentrations
([La-]) assessment was taken from the earlobe (Lactate Pro2; Arkay, Inc., Kyoto, Japan) at
rest intervals between steps and at the end of the protocol [13].

2.4. Data Analysis

Oxygen uptake (VO,) and ventilation were averaged and compared every 10 s of the
last minute of exercise [14], and kinematics were obtained using Theia Markerless software
(v2023.1.0.3161_ P14, Theia Markerless Inc., Kingston, ON, Canada). EMG signals were
processed in MATLAB R2023b (The MathWorks Inc., Natick, MA, USA), including a band-
pass filtration (25-450 Hz), full-wave rectification and linear envelope calculation with a
2nd-order Butterworth low-pass filter (6 Hz). Peak and mean amplitudes were expressed
as a percentage relative to the initial value (defined as the EMG mean value during the 1st
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step) [11], being the instant of peak amplitude normalized to the duration of the propulsive
phase (drive). Kinematic and EMG data were examined across ten consecutive rowing
cycles in each step performed [15]. The energy expenditure was computed by adding
the net VO, values and converting net [La-] into oxygen equivalents [5,13]. The energy
cost was determined as the slope of a regression line between energy expenditure and the
corresponding power [10], and rowing economy was calculated as the ratio between the
power generated and the energy expenditure for each step [14].

2.5. Statistical Analysis

Statistical comparisons between control and splint conditions were performed for
physiological and biomechanical variables using the paired samples t-test in SPSS (ver-
sion 28.0.1.0, IBM Corp., Armonk, NY, USA). Bioenergetic data were only presented and
interpreted as raw (rather than standardized) differences. Cohen’s d (d) was computed to
indicate the magnitude of effects (small > 0.2, medium > 0.5 and large > 0.8). Significance
was set to 5%.

3. Results

Ventilatory and kinematic variables for both experimental conditions are displayed in
Figure 1. VO, values were similar except for the 7th step, where a lower VO, was observed
for the splint condition (67.3 + 2.3 vs. 70.9 + 1.5 mL-kg’l-min’l). Moreover, there was
a tendency toward a lower VO, at the 5th and 6th steps with the splint compared with
the control condition (p = 0.08 and 0.06, d = —0.89 and —0.99, respectively). The splint
condition also exhibited increased ventilation in between the 1st and 4th steps ([76.6-125.6]
vs. [70.6-116.4] L-min~') and at the 6th step (154.4 = 1.5 vs. 142.6 £ 7.8 L-min~1).
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Figure 1. Physiological and kinematic variables (panels (A) and (B), respectively) assessed during the
rowing incremental protocol for the two experimental conditions tested (control vs. splint). * indicates
differences between control and splint conditions (p < 0.05).

When compared to the control condition, kinematic analysis revealed that rowing
frequency was lower ([18-30] vs. [19-32] cycles-min~') and propulsive length was higher
([1.58-1.56] vs. [1.52-1.50] m) for the splint condition along the protocol. Furthermore,
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shortened propulsive time and extended recovery phases were observed throughout the
protocol with the splint. The splint condition exhibited a lower peak and mean biceps
brachii and posterior deltoid activation, contrasting with increased rectus femoris activity
(Figure 2). The instant of peak activation for the posterior deltoid (except for the 5th step)
and rectus femoris consistently occurred later along the propulsive phase in the splint
condition, unlike the biceps brachii, where the respective instant occurred earlier (2nd step).
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Figure 2. Normalized electromyography for biceps brachii, posterior deltoid and rectus femoris
along the rowing incremental protocol for control and splint conditions. The onset and the end of the
rowing propulsive phase were 0 and 100%, respectively. * indicates differences between control and
splint conditions (p < 0.05).

The relationships between energy expenditure, rowing economy and the relative
energy systems contributions along the protocol are illustrated in Figure 3. A lower slope
was observed for the splint condition (0.17 vs. 0.21), indicating a lower exercise energy
cost when the mandible was advanced. Moreover, the rowing economy was higher in
the splint rather than in the control condition. In both incremental protocol trials, the
aerobic and anaerobic energy systems accounted for ~87-99% and 1-13% (respectively)
of the energy provided. However, the splint condition showed higher aerobic and lower
anaerobic relative contributions than the control condition.
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Figure 3. Energetic profile during rowing incremental protocol for control and splint conditions.

4. Discussion

At higher intensities, where respiratory muscles may require ~15% of the whole-body
VO, the lower VO, observed by wearing the mandibular forward repositioning splint
suggests a reduced requirement to support the respiratory muscle demands compared
to the control condition [16]. Moreover, as a significant portion of ventilation occurs
orally during exercise, reducing the effort of breathing or mouth airflow resistance with
a mandibular forward repositioning splint likely enhances ventilation, as supported by
our results. Although conflicting VO, responses are evident while wearing mandibular
repositioning splints during exercise [7,8,17], there have been consistent reports of increased
ventilation even when different subjects and methodologies were employed [6,8].

Kinematic changes have also been reported while running using splints that modify
the mandibular position [6,18]. However, it remains uncertain whether these modifica-
tions are a direct consequence or mediated by the ergogenic physiological effects. Our
results showed a slower and longer rowing movement, accompanied by a high rowing
economy in the splint condition. Indeed, elite rowers may potentially improve performance
by slightly lowering their rowing rate (consequently decreasing physiological demands),
compensating with increased propulsive force [14]. Given the critical importance of syn-
chronizing breathing with rowing mechanics, the potential reduction in respiratory work
and a probable perceived “easier” breathing with the splint might enhance the rowing
kinematic pattern.

Rowing is a complex movement that engages multiple muscle groups; however, the
activation patterns of the biceps brachii and rectus femoris are frequently investigated when
evaluating rowing technique [2]. Although explanations on how intraoral appliances might
potentiate strength are inconclusive, certain studies suggest a link between altered occlusal
vertical dimension and body muscular activity [19]. These ergogenic strength effects are
primarily described for upper body musculature [20,21], with few reports indicating effects
on lower limb performance [22,23]. Our data only align with prior research regarding the
use of intraoral splints in lower body musculature, although differences in study design and
the specific splint tested warrant consideration. Hence, future research should investigate
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how minor changes resulting from shifts in the lower jaw position may affect muscle
activation, potentially leading to a more symmetrical or balanced force production.

The reduced energy cost and enhanced rowing economy noted for the splint condition
support an improved rowing efficiency in comparison to the control condition. Furthermore,
the observed decrease in anaerobic relative contributions may potentially have delayed
the onset of fatigue when the splint was worn. The current ventilatory and energetic
findings align with data from a highly trained triathlete who wore an advancement splint
during a running incremental protocol [6]. Although the current study is pioneering in
demonstrating the effects of mandibular forward repositioning in a high-level performance
rower, our findings may not be easily generalized to other athletes or sports, given our small
sample size. Additionally, our investigation only assessed the acute response to wearing a
mandibular forward repositioning splint during rowing. Therefore, future research should
explore the potential chronic effects of using such splints over extended training sessions
or an entire competitive season.

5. Conclusions

In World-class rowing events, medal rankings are often decided by mere fractions of a
second, underscoring the importance of any competitive advantage. Our findings highlight
the potential beneficial impact of wearing a mandibular repositioning splint in rowing,
a sport where such effects have not been previously explored. Testing a unique subject,
as an Olympic finalist and World Champion, highlights the utility of employing a case
study design to “open the door” for further investigation into wearing mandibular forward
repositioning splints within high-level sport. An altered mandibular position induced
by an intraoral splint elicited favourable biophysical and energetic advantages during an
incremental rowing test in a Word-class rower.
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