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Preface

This Reprint brings together a selection of studies that examine the relationship between
human performance and health across sport and exercise contexts. Its aim is to provide an
integrated scientific overview of how physiological, biomechanical, psychological and behavioral
factors contribute to both athletic development and long-term well-being. The scope of the
Reprint extends from performance determinants and training load monitoring to adapted sport,
recovery strategies and exercise applications in preventive and clinical settings. The motivation for
making this collection comes from the growing need to align performance-oriented methodologies
with evidence-based health considerations. Contemporary sport requires practitioners to balance
optimization of competitive outcomes with the management of fatigue, injury risk and mental
health. By consolidating diverse research approaches and populations, this Reprint offers a
coherent reference for understanding these interdependent dimensions. The material is intended for
researchers, sport scientists, clinicians, coaches and professionals involved in the assessment, training
and support of athletes and physically active individuals. It is our hope that the studies presented
here will contribute to advancing methodological rigor, informing applied practice and supporting

healthier, more sustainable models of sport participation.

Barbara Gilic and Andrea Fusco
Guest Editors






% applied sciences ﬁw\p\py

Editorial
Human Performance and Health in Sport and Exercise

Andrea Fusco !, Barbara Gilic >*, Emanuel Festino ® and Olga Papale 3

Department of Medicine and Aging Sciences, University “G. d’Annunzio” of Chieti-Pescara,

66100 Chieti, Italy; andrea.fusco@unich.it

Faculty of Kinesiology, University of Split, 21000 Split, Croatia

3 Department of Human Sciences, Society and Health, University of Cassino and Lazio Meridionale,
03043 Cassino, Italy; emanuel.festino@unicas.it (E.F.); olga.papale@unicas.it (O.P.)

*  Correspondence: barbara.gilic@kifst.eu

1. Introduction

For people of all ages and genders, participating in physically demanding sports,
whether competitive or recreational, has significant health benefits. According to research,
playing sports on a regular basis strengthens bones and muscles, lowers the risk of devel-
oping chronic illnesses including diabetes, obesity, and high blood pressure, and improves
cardiovascular health [1,2]. Furthermore, sports are important for mental health since they
improve social integration and cognitive performance while lowering stress, anxiety, and
depression [2]. However, because athletes must strain their bodies to the maximum, com-
petitive sports frequently have a price tag, increasing the likelihood of injuries, exhaustion,
and psychological discomfort [3]. A balanced approach to training and rehabilitation is
also necessary because retired athletes often face long-term physical and mental health
issues, such as joint issues, cardiovascular risks, and post-career identity conflicts [4].

Starting from the basics, assessing physical performance parameters is a fundamen-
tal aspect of sports and health science that provides directions to athletes, coaches, and
researchers to understand and optimize training methodologies for strength, endurance,
power, asymmetry in performance, preventing injuries, and enhancing competitive re-
sults [5]. Accordingly, a growing number of scientific investigations highlight the multiple
methods available to quantify health, sport, and tactical performance, each focusing on
different aspects of an individual’s capabilities and skills. For example, critical information
on a subject’s endurance, recovery potential, and exercise prescription are provided by
training load and physiological metrics, such as maximal oxygen consumption (VO,max),
lactate threshold, and heart rate variability (Contributions 1, 2, 3, 4). The importance of
these parameters is evident across different sporting contexts and health settings.

This Special Issue includes 15 papers, comprising 12 original articles and 3 reviews,
covering several parameters and variables used to quantify physical performance, from
physiological and biomechanical determinants of athletic performance to strategies for
optimizing recovery, injury prevention, and adapted sports participation. The findings in
this Special Issue underscore the necessity of a multidimensional approach to evaluating
sport performance, integrating physical, physiological, body composition, biomechanical,
and recovery-based assessments, allowing for a more comprehensive understanding of
athletic performance and overall health. In particular, these findings provide a scientific
base for developing training methodologies tailored to specific sports and individual needs
in different settings. The overview and general conclusions of papers published in this
Special Issue will be presented in the following text.

Appl. Sci. 2025, 15, 4077 https://doi.org/10.3390/app15084077
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2. An Overview of Published Articles

When it comes to performance analysis, Radakovi¢ et al. (Contribution 1) reported a
strong correlation between cardiorespiratory fitness and performance in football players,
where total match distance and high-intensity running are linked to aerobic capacity.
Similarly, in handball, elite players display better reaction times and hand-eye coordination
compared to sub-elite athletes, underlining the importance of psychomotor abilities in
high-performance play (Contribution 5). Accordingly, analyzing movement dynamics,
reaction speed, and gameplay effectiveness is crucial in high-level sports. Prieto-Lage et al.
(Contributions 6, 7) explored padel and pickleball by showing that short rally durations
and net proximity significantly influence point-winning strategies, providing indications
on tactical training. Furthermore, as reported by Macedo et al. (Contribution 4), monitoring
training load is important for quantifying the demand on psychological and physiological
responses of athletes. Various external and internal load metrics, including GPS-based
tracking, accelerometers, heart rate variability, and session rating of perceived exertion, are
widely implemented in both team sports (e.g., soccer, rugby) and individual disciplines (e.g.,
endurance sports, resistance training); therefore, these tools enhance physical performance,
injury risk assessment, training monitoring, and exercise management (Contribution 4).

Beyond traditional competitive sports, physiological assessments and training moni-
toring also play an important role in rehabilitation [6] and adapted exercise programs [7]. In
para-sports, Alvarez-Hernandez et al. (Contribution 2) demonstrated that para-footballers
with cerebral palsy who have lower impairment levels achieve higher speeds and cover
greater distances, indicating potentially greater match performance. Generally, these con-
siderations emphasize the role of physiological monitoring in optimizing training programs,
ensuring that athletes, both in competitive sports or rehabilitation settings, achieve high
adaptation and performance.

Together with physical performance, anthropometric characteristics can also influence
health performance, sport success, and injury occurrence [8]. For example, a retrospective
study conducted by Ginszt et al. (Contribution 8) analyzed the relationship between
climbing experience, anthropometric data, and the best result in sport climbing achieved
by male sport climbers in bouldering and lead climbing, suggesting that lower body mass
and lower body height are correlated with the better performance in sport climbing. On
the same topic, Sliz et al. (Contribution 5) examined handball players and found that body
fat percentage, fat-free mass, and total body water influence reaction time, movement time,
and response accuracy.

Several studies in the present Special Issue investigated the impact of different specific
training regimens on health and physical performance (Contributions 2, 4, 9, 10). In fact,
the research conducted by Gavala-Gonzélez et al. (Contribution 9) on adolescent rowers
reveals that specific ergometer-based training enhances power output more effectively
than general strength exercises, demonstrating the importance of a sport-specific training
program. Furthermore, the improvement in velocity, command, and deception metrics
may also be attributed to external facilitator, as shown by Crotin et al. (Contribution 10) in
baseball players through the use of intra-abdominal pressure belts, suggesting innovative
tools for enhancing performance. Finally, regarding sport-specific skills, Busuttil et al.
(Contribution 11) investigated tennis coaching practices, examining how tennis coaches
perceive and approach the development of grip positions, a foundational skill in tennis. The
findings suggest that teaching grip positions early in training, using physically constraining
tools, could improve stroke development while reducing the risk of overtraining injuries.

However, although exercise training and sports participation have been recognized for
their positive impact on health, by contributing to physical and mental well-being across
different age groups and performance levels, achieving peak performance often requires
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significant sacrifices, exposing subjects to risks such as injuries, chronic fatigue, and mental
health challenges like anxiety, depression, exercise addiction, and body dissatisfaction [9].
Additionally, it is worth noting that beyond physical training, athletes and physically
active subjects’ quality of life is influenced by sleep hygiene, dietary habits, and mental
health, all playing integral roles in athletic success and health performance achievements
(Contributions 11, 12, 13). In line with these influencing factors, Migliaccio et al. (Con-
tribution 14) showed the importance of sleep hygiene for the health and performance of
physically active individuals, demonstrating how good sleep hygiene, sleep quality and
quantity, and a regular sleep routine are associated with a range of benefits for health
and performance including recovery, less risk of injuries, enhanced concentration and
attention, improved coordination and muscle strength, mental well-being, and reduced
risk of chronic diseases. Similarly, dietary strategies play an important role in recovery. As
demonstrated by Bozbay et al. (Contribution 12), pomegranate-black carrot juice supple-
mentation significantly improved mineral metabolism and fatty acid profiles, indicating
that an antioxidant-rich dietary intervention can help reduce exercise-induced oxidative
stress and promote more efficient recovery.

Beyond high-performance sports and elite athletes, sport and structured physical activ-
ity plays a fundamental role in prevention [10] and management [11] of non-communicable
diseases, particularly in childhood and adolescent populations, having a big impact on
public health [12]. In fact, Uvacsek et al. (Contribution 15) investigated sport and physical
activity participation among school-aged Hungarian children, examining the differences in
engagement based on weight groups. Their findings revealed that overweight and obese
children had almost the same participation rates in sport activities as children in other
weight classifications, reinforcing the importance of daily physical education in schools
and governmental support of sport in fostering engagement in exercise and reducing
obesity risk.

Accordingly, whether in competitive, recreational, home, or green settings, engaging in
structured physical activity and sports promotes cardiovascular fitness, muscular strength,
and psychophysiological well-being independently from age and clinical condition [13].
In fact, Papamichail et al. (Contribution 13) examined the impact of exercise on balance,
functional ability, and depression in a patient with progressive supranuclear palsy, showing
significant improvements in mental well-being. This is further confirmed from a study
conducted by Gavala-Gonzalez (Contribution 3) on breast cancer survivors engaging in
rowing, indicating improvements in cardiovascular function and overall fitness, underscor-
ing the role of structured exercise as not only essential for athletic performance, but also for
clinical populations to recover and long-term health benefits.

3. Conclusions

In conclusion, the studies in this Special Issue collectively highlight the importance of
a multidimensional approach to assessing and enhancing health and sport performance.
By integrating physical, physiological, body composition, biomechanical, and recovery-
based assessments, researchers and practitioners can gain deeper understandings into the
factors influencing both athletic achievement and overall health. Moreover, these papers
underscore the significance of tailored training methodologies, holistic athlete monitoring,
and the valuable role that structured exercise plays in prevention, rehabilitation, and
performance optimization. As such, the body of work presented in this Special Issue
provides a foundation for advancing best practice in sport, exercise, and health, benefiting
athletes, coaches, clinical populations, and overall society.
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We extend our gratitude to all contributors whose efforts have enriched this collection
and look forward to further advancements in the topic of human performance and health
in sport and exercise.
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Abstract: Setting up anthropometric profiles for elite athletes in each sport, sport disci-
pline, or specific sport positions could be a key element of sport selection processes. The
main purpose of this study was to determine the anthropometric characteristics, body
composition, and somatotype profiles of elite international ILCA 7 class sailors and to
determine the differences contributing to different levels of competitive success. The subject
sample included 97 elite ILCA 7 class sailors. A set of 25 anthropometric variables was
applied. The sailors were divided into three groups according to their level of general
competitive success according to the World Sailing Rankings. Differences between elite
ILCA 7 sailors, separated into Higher, Medium, and Lower groups based on their success,
were found in terms of age, body mass, muscle mass, trunk muscle mass, leg muscle mass,
biepicondilar humerus width, sum of skinfolds, triceps skinfold, supraspinale skinfold,
medial calf skinfold, and endomorphy rating. The most successful group of sailors was,
on average, 4.9 years older than the least successful group. More highly successful sailors
were also found to have an average of 2.73 kg more muscle mass but an 8.81 mm lower sum
of skinfolds than those in the lower success group. Considering the average values of so-
matotype categories, ILCA 7 sailors fit the endomorphic-mesomorph somatotype category
(3.23 4 0.99-4.81 £ 0.90-2.25 =+ 0.86). This research clearly identifies the anthropometric
profile of elite ILCA 7 sailors, which can significantly contribute to a more informed choice
of sailing class. Given the results of this research, current ILCA 7 sailors can easily compare
their own anthropometric parameters with elite ILCA 7 sailors and eventually adjust their
training process to obtain a more desirable anthropometric profile.

Keywords: dinghy sailing; elite athletes; fitness testing; morphological characteristics;
Olympic sailing; yachting; sport performance; body composition; Tanita; skinfolds; world
sailing rankings

1. Introduction

Athletes, coaches, and sports scientists are interested in the structure and function of
the human body, especially in relation to athletic performance. The physical and physio-
logical characteristics of elite athletes are very different between different sports, sports
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disciplines, and specific sports positions. Certain physiques are found more often in some
high-performance sports (or disciplines) and specific sports positions than others. In this
context, anthropometry is important and is often included as a tool to aid understanding of
the relationship between body structure and performance [1].

Olympic sailing is a multifaceted sport where numerous factors, such as boat han-
dling, technical and tactical skills, and physical and physiological characteristics, determine
performance. Sailing has a long Olympic history (since 1900, except for 1904), and the
importance of physical and physiological characteristics for this sport has increased due to
a higher international competition level, but also as a consequence of the changes in sailing
classes and racing format made by World Sailing after each Olympic cycle [2,3]. Sailing
at the Paris 2024 Olympics consisted of 10 events, covering six yacht classes (single- or
double-handed crew; gender) and comprising a total of 10 sailor positions/functions, each
requiring specific physical and physiological characteristics. A sailor’s anthropometric pro-
file is one of the criteria employed in selecting a sailing class, since optimal anthropometric
requirements differ between yacht classes [4]. Some studies have shown that a high level
of performance in Olympic sailing is generally associated with greater body mass, stature,
and femur length [5-7]. When sailing, the sailor uses their body as a lever to control the
boat and to increase an up-righting moment, as sideways wind forces acting on the sails
cause a leeward tilting moment on the boat [2,7]. Sailors may perform this technical gesture
for up to 94% of their total sailing time [8].

The ILCA 7 dinghy is one of the Olympic yacht classes, making its Olympic debut
as a monohull in Atlanta 1996. It is considered one of the most physically and mentally
demanding single-handed classes in the world. Dinghy sailors need to carefully control
the balance of the boat in continuously varying wind and wave conditions. The technique
involving ILCA 7 sailors sitting on the deck and leaning over the side to create an up-
righting moment through a windward displacement of the ensemble center of gravity of
the boat and sailor is a characteristic movement, known as hiking [9]. Based on the sailor-
to-yacht weight ratio, a classification system for Olympic sailors was introduced to simplify
monitoring of physical requirements [2]. ILCA 7 sailors are identified as dynamic side
deck hikers because they hike in a very dynamic way due to a high sailor-to-yacht weight
ratio [2]. The righting moment that is generated while hiking is a function of the sailor’s
body weight and their position relative to the centerline of the boat (i.e., body height).
In this context, anthropometric characteristics, body composition, and the somatotype
of an ILCA 7 sailor are very important determinants of ILCA 7 sailing success. Size is
only an advantage if extra weight does not add more to the resistance of the yacht than it
contributes to the propulsive forces of the dinghy.

The changes that occur in the context of sports give rise to a constant evolution of
ideal anthropometric characteristics. It is therefore essential that the reference databases
are kept up to date. The relationship between sports performance and anthropometric
characteristics, including body composition and somatotype, has been the subject of study
in a number of different sports disciplines [10-16]. Regarding the ILCA 7 sailing class,
previous studies provide only limited information about the anthropometric characteris-
tics of elite sailors [11,17-21]. A detailed analysis of the anthropometric characteristics,
body composition, and somatotype of a large elite cohort of ILCA 7 sailors has not yet
been conducted.

Therefore, this study aims to (1) quantify the anthropometric characteristics, body
composition, and somatotype of international elite ILCA 7 class sailors, and (2) determine
the differences in anthropometric profiles across general competitive levels.
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2. Methods
2.1. Sample and Study Design

The anthropometric characteristics, body composition, and somatotype of 97 elite
ILCA 7 class sailors (mean chronological age: 22.95 + 3.40 years, varying from 17.15 to
32.55 years) were measured before the start of the ILCA 7 World Championship (IWC), 2017,
in Split, Croatia. The competition included 147 sailors. The 97 sailors who participated
in the study represented 66% of the total number of participants in the competition. The
IWC was the most important competition for ILCA 7 sailors in 2017, including the best-
ranked sailors in the world, among whom were the Olympic, world, and continental medal
winners. Therefore, based on training and performance, participants in this study can
be categorized as World Class and International Elite level (Trier 5 & 4), according to the
Participation Classification Framework of McKay et al. (2022) [22].

All sailors participated in the study voluntarily. Participants were provided with
detailed information about all experimental procedures, and written informed consent was
obtained prior to their participation. The study was approved by the Scientific Committee
of the Faculty of Kinesiology in Split and conducted with the support of the Executive
Committee of the ILCA Association. The study met the requirements of the Declaration of
Helsinki (1964) and the ethical standards of sports and exercise research.

All measurements were performed by a well-trained expert anthropometrist, assisted
by a recorder who was also familiar with the anthropometric techniques, in the morning
hours before the first training session in the week before the competition. For all mea-
surements, the subjects wore dry underwear and were barefoot. All measurements were
conducted within 30 min for each sailor.

The sailors were divided into three groups according to their level of general compet-
itive success: more successful (1), medium successful (2), and less successful (3) groups.
We determined this competitive success criterion from the ranking in the World Sailing
Rankings (WSR). The WSR is formed by collecting the points from the six most successful
competitions for each sailor in the 12 months from the publication of the table. For this
study, we used the WSR table for the ILCA 7 class published on 04 September 2017, the
last one before the IWC started. The group of sailors with a higher level of general success
(1) included the subjects ranked among the first 30 sailors according to the WSR (N = 15),
the group of sailors with a medium level of general success (2) included the subjects ranked
from the 31st to the 60th place of the WSR (N = 20), and the group of sailors with a lower
level of general success (3) included the subjects ranked lower than the 61st place of the
WSR (N = 62). The threshold values for the groups were determined in collaboration with
coaching experts and elite sailors.

2.2. Anthropometric Measures, Body Composition, and Somatotype

The measuring techniques were mainly based on the procedures and batteries of
measurements used and described in previous studies by Pezelj et al. (2016; 2024) [17,18].

All anthropometric measurements were conducted following the International Society
for the Advancement of Kinanthropometry (ISAK) protocol [23] on the dominant side of
the body, as suggested in the original instructions for using the Heath—Carter method for
somatotype calculation [24]. The following anthropometric dimensions were measured:
(1) Length development: stature and sitting height; (2) Breadth development: biepicondylar
humerus width and biepicondylar femur width; (3) Muscle development: upper arm girth
flexed and tensed and calf girth; (4) Fat development: triceps skinfold, subscapular skinfold,
supraspinale skinfold and medial calf skinfold.

Bioelectric impedance analysis (BIA) is a rapid and non-invasive method for evaluating
body composition. Bioimpedance measurements were performed using a 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 pA), following the recommendations given by Kyle et al. [25].
BIA was used to determine the following body composition 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 BIA measurement was taken when subjects were
barefoot and only wearing dry underwear. All jewelry, watches, or any other pieces of
clothing were removed. 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.

Based on the anthropometric measurements and BIA measures, body mass index
and sum of skinfolds were calculated, and somatotype (endomorphy, mesomorphy, and
ectomorphy) was determined in accordance with the Heat—Carter method [24]. 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 [26].

2.3. Statistical Analysis

Data analysis included the calculation of basic statistical indicators: mean, standard
deviation, median, minimum value, maximum value, and determination of measures of
sensitivity of result distribution: skewness, kurtosis, and maximum distance between rela-
tive cumulative theoretical frequency (normal) and relative cumulative empirical frequency
(obtained by measuring). The results of the Kolmogorov—Smirnov test of the observed
variables indicated that neither of the variables exceeds the cut-off value of this test, which
is 0.14 for the observed sample. These findings indicated that the variables did not deviate
significantly from a normal distribution and that all variables were suitable for further
parametric statistical analysis. The differences between groups of sailors were determined
using a one-way analysis of variance (ANOVA). Further, post hoc analyses of differences
between the three groups of ILCA 7 sailors were made using Fisher’s LSD test. To deter-
mine the effect sizes of the differences found, squared eta (n2) coefficients were calculated
and interpreted according to the criterion of Gamst et al. (2008) [27]. Data were analyzed
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 results. The sensitivity analysis
was based on coefficients of asymmetry and peakedness of distributions, whereas the
Kolmogorov-Smirnov test was used to test the normality of distributions.

Table 1. Descriptive statistics of anthropometric and somatotype variables of ILCA 7 sailors (N = 97).

Variables Mean + SD M Min Max Skew Kurt MaxD
Age (yrs) 22.95 + 3.40 22.29 17.15 32.55 0.70 —0.12 0.136
Stature (cm) 181.76 £5.28  182.40 167.90 194.40 —-0.22 —0.25 0.08
Sitting height (cm) 96.65 + 3.27 96.70 88.00 105.00 0.07 0.05 0.04
Body mass (kg) 80.68 + 3.87 81.40 67.10 91.40 —0.65 1.99 0.12
Body mass index (kg/m?) 24.40 £ 1.60 24.50 20.30 28.20 —0.10 0.19 0.07
Fat range (%) 10.99 + 3.57 11.20 2.00 18.80 —0.06 —0.20 0.04
Muscle mass (kg) 68.43 + 3.78 68.40 57.00 77.10 —0.30 0.35 0.04
Trunk muscle mass (kg) 36.81 £ 2.33 36.80 30.70 42.20 0.14 —0.07 0.07
Arms muscle mass (kg) 8.62 + 0.65 8.60 6.70 10.20 —0.05 0.12 0.06
Legs muscle mass (kg) 23.01 £1.17 23.10 19.40 25.80 —0.43 1.02 0.09
Fat mass (kg) 8.89 + 3.02 8.90 1.60 16.30 0.07 —-0.17 0.05
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Table 1. Cont.

Variables Mean + SD M Min Max Skew Kurt MaxD
Trunk fat mass (kg) 4.79 +£2.05 4.80 1.30 10.30 0.22 —0.44 0.06
Arms fat mass (kg) 0.99 +0.28 1.00 0.40 1.80 0.17 —0.14 0.12
Legs fat mass (kg) 3.21 £0.84 3.30 1.10 7.10 0.82 3.85 0.10
Biepicondilar humerus width (cm) 6.97 + 0.39 6.95 6.00 7.70 0.05 —0.60 0.08
Biepicondilar femur width (cm) 9.33 + 0.50 9.35 7.95 10.65 —0.31 0.45 0.08
Upper arm girth flexed and tensed (cm)  35.69 £ 1.80 35.65 30.65 41.30 0.13 0.80 0.08
Calf girth (cm) 38.37 £ 1.59 38.20 34.00 42.65 —0.09 0.14 0.06
Sum of skinfolds (mm) 4513 £ 12.64  44.10 21.30 85.13 0.94 0.96 0.10
Triceps skinfold (mm) 9.31 + 2.65 8.90 4.90 18.70 0.96 1.11 0.09
Subscapular skinfold (mm) 11.32 +£3.70 10.40 6.10 28.20 1.95 5.68 0.13
Supraspinale skinfold (mm) 13.48 + 5.65 12.10 5.00 34.70 1.15 1.57 0.11
Medial calf skinfold (mm) 11.02 + 3.83 10.67 420 21.90 0.68 0.11 0.07
Endomorphy rating 3.23 +0.99 3.03 1.35 6.31 0.78 0.50 0.08
Mesomorphy rating 4.81 +0.90 4.70 2.74 7.56 0.43 0.35 0.08
Ectomorphy rating 2.25 4+ 0.86 2.25 0.56 4.46 0.17 —0.46 0.05

Notes: SD—standard deviation, M—median, Min—minimum value, Max—maximum value, Skew—Skewness,
Kurt—kurtosis, MaxD—maximum distance between relative cumulative theoretical frequency (normal) and
relative cumulative empirical frequency obtained by measuring, and limit value of KS test for N = 97 is 0.14.

Coefficients of asymmetry for variables subscapular skinfold and supraspinale skinfold
indicate a slightly positive asymmetry. Coefficients of peakedness indicate a somewhat
lower sensitivity of the legs fat mass and subscapular skinfold variables. Although the kurtosis
and skewness values indicate a weak sensitivity of the aforementioned variables used, the
KS test found that there is no significant deviation from the normal distribution.

Table 2 presents the descriptive parameters (arithmetic means and standard devi-
ations), results of univariate analysis of differences (ANOVA; coefficient of analysis of
variance and significance of differences), and results of the post-hoc analysis of differences
carried out using Fisher’s LSD test (significance of differences).

Significant differences in arithmetic means between the three groups of elite sailors
according to the general competitive success criterion were found for age, body mass, muscle
mass, trunk muscle mass, leg muscle mass, biepicondilar humerus width, sum of skinfolds, triceps
skinfold, supraspinale skinfold, medial calf skinfold and endomorphy rating between the groups
of elite sailors according to the general competitive success criterion.

Post-hoc analysis revealed significant differences between groups of sailors at different
levels of general competitive success in the variables age (higher vs. medium and higher
vs. lower), body mass (higher vs. lower and medium vs. lower), muscle mass (higher vs.
lower and medium vs. lower), trunk muscle mass (higher vs. lower and medium vs. lower),
arm muscle mass (medium vs. lower), legs muscle mass (higher vs. lower and medium vs.
lower), biepicondilar humerus width (higher vs. lower), sum of skinfolds (higher vs. lower and
medium vs. lower), triceps skinfold (higher vs. lower and medium vs. lower), supraspinale
skinfold (medium vs. lower), medial calf skinfold (higher vs. lower), and endomorphy rating
(higher vs. lower and medium vs. lower).

The effect size of these differences was high for the variable age, moderate for the
variables muscle mass, trunk muscle mass, legs muscle mass, sum of skinfolds and triceps
skinfold, and low for body mass, biepicondilar femur width, supraspinale skinfold, medial
calf skinfold, and endomorphy rating.
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Table 2. Analysis of variance (ANOVA) and post-hoc analysis between groups of ILCA 7 sailors’
different levels of general success.

Post-Hoc LSD Test

LEVEL OF SUCCESS ANOVA
(Between Groups)
Variables Higher Medium Lower e
(N =15) (N = 20) (N = 62) F p= P=
Mean + SD Mean £ SD Mean £ SD 1-2 1-3 2-3

Age (yrs) 2679 £2.89  2335+286 21.89+£298 1696  0.000  0.001 0.001 0.06
Stature (cm) 18297 £2.89 183.09 £4.78 181.04+578 163 020 095 021 0.3
Sitting height (cm) 97.65+356  96.80+289 9636+329 097 038 045 017 0.0
Body mass (kg) 8217 £1.62  8214+280 79.85+431 425  0.02 098 0.03 0.02
g(ogd/};nn;)ass index 2453 +£055 2444+1.11 2435+1.89 008 092 088 070 083
Fat range (%) 1039 +£334  1053+2.80 11294385 059 056 091 039 041
Muscle mass (kg) 7021 +£337 7007 +319 6748+376 608  0.003 091 0.010 0.006
Trunk muscle mass (kg) 38.03 +2.42 37.72 £ 2.07 3622 +220 6.19 0.003 0.69 0.005 0.010
Arms muscle mass (kg) 871 +£050  886+042  852+072 228  0.11 052 029 0.047
Legs muscle mass (kg) 23.47 £0.75 23.49 £1.10 2274 +£120 481 0.010 095 0.03 0.011
Fat mass (kg) 850 £2.64  867+234  9.06+330 028 076 087 052 0.62
Trunk fat mass (kg) 444 +£212  458+167  494+216 048 062 084 040 050
Arms fat mass (kg) 1.05+020  1.02+£024  098+031 045 064 074 038 059
Legs fat mass (kg) 311+£049 3184062  325+097 020 082 081 055 073
Biepicondilar humerus 716 +033  7054+043 6894037 365 003 036 0014 0.12
width (cm)
Biepicondilar femur 930+051  947+043 9294051 105 035 033 091 0.15
width (cm)
Upperarmgirth flexed 535 47 1 149 3600+116 35654204 043 065 039 073 045
and tensed (cm)
Calf girth (cm) 3842+1.65 3879+173 3823+£153 096 039 049 067 017
Sum of skinfolds (mm) 39.18 £ 10.90 40.75 £+ 8.89 4799 +13.28 4.79 0.010 0.71 0.014 0.02
Triceps skinfold (mm) 810+£198 8394192  990+283 463 0012 075 0.02 0.02
(Sr‘;l;ffapular skinfold 1031 +£254  1073+£368 1176391 125 029 074 018 0.8
(S;ﬁ;”pmale skinfold 11.67 £455 1139 +387 1459 +£611 352 0.03 089 007 0.03
?ﬁleri;al calf skinfold 9.11+£398  10244+266 11744395 356 003 038 0.02 0.12
Endomorphy rating 2814085  286+075  345+1.04 447 0014 087 002 0.02
Mesomorphy rating 482+068  498+082  476+093 044 065 062 081 035
Ectomorphy rating 223 +0.37 2.26 +0.70 2.25 4+ 0.99 0.01 0.99 092 094 095

Notes: SD—standard deviation, F—Analysis of variance coefficient, p=—TIevel of statistical significance, p= *—level
of statistical significance of Fisher LSD post-hoc test between groups of ILCA 7 sailors with different levels of
general success (1-higher, 2-medium, 3-lower), bolded values p < 0.05.

Table 3 presents the classification of the ILCA 7 sailors according to the somatotype

category. The frequency and percentage of each somatotype category were calculated for

the total sample.
Out of the 13 possible somatotype categories, elite ILCA 7 sailors fit eight. Just over

75% of the total sample of elite sailors fit the somatotype categories with the dominant

mesomorphic component, 41.24% of which fit the endomorphic mesomorph category.

Figure 1 depicts a graphic representation of the somatotype ratings of ILCA 7 class

sailors divided into three groups according to their level of general competitive success:

higher level (square), medium level (thomb), and lower level (triangle).

11
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Table 3. Frequency and ratio of somatotype categories of ILCA 7 sailors (N = 97).

Somatotype Categories Frequency Ratio (%)
Central 7 7.22
Mesomorphic endomorph 3 3.09
Mesomorph-endomorph 10 10.31
Endomorphic mesomorph 40 41.24
Balanced mesomorph 23 23.71
Ectomorphic mesomorph 10 10.31
Mesomorph-ectomorph 3 3.09
Ectomorphic endomorph 1 1.03

MESOMORPHY

.+ —i—Higher (N=15)
—e— Medium (N=20)

—a—Lower (N=62)

ENDQMwRPHY

Figure 1. Somatochart.

4. Discussion

Olympic sailing is a multifaceted sport for which body size and mass are criteria for
selecting an Olympic sailing class and are undoubtedly performance-related factors. How-
ever, scientific literature on anthropometrical data, body composition, and the somatotype
of elite sailors is scarce. In this context, this study of World Class and International Elite
level (Trier 5 & 4) ILCA 7 sailors produced two major findings: (a) for the first time, the
anthropometric profile, body composition, and somatotype of 97 elite ILCA 7 class sailors
have been determined, and (b) significant differences between more, medium, and less-
successful elite ILCA 7 sailors have been found in terms of their anthropometric parameters,
body composition, and somatotype.

4.1. ILCA 7 Sailors Anthropometric Parameters and Body Composition Comparison to Previous
ILCA 7 Findings

Many studies have reported at least some of the anthropometric parameters of ILCA
7 sailors [19,20,28-33]. The mean values for the stature of ILCA 7 sailors are within +£1 cm of
the measurements for our international elite sample. This is particularly interesting because
the previous studies are not homogeneous in terms of the age and level of sailing perfor-
mance of ILCA 7 sailors. Almost all identical mean values for body mass (81.18-81.88 kg)
were found in scientific literature that analyzed sailors who participated in the Olympic
Games [28,29,31,32]. On the other hand, a range of 76.26-78.60 kg in body mass values
was found in studies that analyzed national elite-level sailors [19,20,28,30]. Similar values

12
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for body mass index, like those in this research, are reported in the literature [29,31], but
also somewhat lower values in the range of body mass index 23.01-23.70 kg /m? have been
reported [20,21,28].

As far as the authors are aware, only two scientific papers have analyzed the anthro-
pometric profile of ILCA 7 sailors more extensively, but on a relatively small sample of
national-level sailors (N = 7 and 9) [19,20]. Croatian ILCA 7 sailors had similar values for
stature; smaller values for body mass, sitting height, body mass index, upper arm girth flexed,
and tensed, and calf girth; but higher values for biepicondilar humerus width and biepicondilar
femur width [20]. Spanish ILCA 7 sailors showed similar values for body mass and upper arm
girth flexed and tensed, smaller values for calf girth, and higher values for stature, biepicondilar
humerus width, and biepicondilar femur width.

Although body composition results obtained using different methods are difficult
to compare, they will be presented in this paper informatively. Our study determined a
fat range of 10.99 & 3.57% and a muscle mass of 68.43 £ 3.57 kg (BIA). Manzanares et al.
(2023) reported for six elite sailors an average muscle mass of 68.07 kg and a fat range
of 14% [29]. In Croatian ILCA 7 sailors, fat ranges of 10.19% (Heath—Carter method) and
15.16% (Durnin—-Wormesley method) were reported, depending on the method used [20],
and Spanish ILCA 7 sailors showed a fat range of 13.9% (Heath—Carter method) [19].

4.2. ILCA 7 Sailors Anthropometric Parameters and Body Composition Comparison to Other
Sailing Class Sailors’ Parameters

As is the case for the ILCA 7 class, detailed anthropometric studies on sailors in any
Olympic or other sailing classes are lacking.

The ILCA 6 dinghy is an Olympic class only for women, but also a developmental
class for younger male sailors. The ILCA 6 dinghy uses the same hull but a more flexible
and slightly shorter lower mast, with a sail area 18% smaller than that of the ILCA 7. Fifteen
ILCA 6 male sailors (18.01 yrs) showed smaller values for stature, sitting height, body mass,
body mass index, upper arm girth flexed and tensed, and calf girth [20] compared to our ILCA
7 male sailors. The same differences were found in ILCA 6 female sailors, with smaller
values for stature, body mass, and body mass index in elite- [19,29,31] or national-level [21,28]
ILCA 6 female sailors.

The 470 is a double-handed Olympic class where the helmsman is classified as a
side-deck hiker—just like an ILCA 7 sailor—and the crew are characterized as trapeze
sailors [2]. 470 sailors (helmsman and crew) have smaller body mass and body mass index
values. Smaller values for stature were found in helmsmen, while similar stature values
were determined in the crew [21,28,31,34]. The 49er is also a double-handed Olympic class,
but none of the crew is categorized as a side-deck hiker. Anthropometric values for a 49er
helmsman are lower for stature, body mass, and body mass index in all analyzed research, but
results are not homogeneous for crew members. The anthropometric values of a 49er crew
vary from 178 to 190.6 cm in stature and 76.3 to 85.3 kg in body mass, while body mass index
is similar to that of ILCA 7 sailors [19,28,31]. Nacra 17 is a double-handed Olympic class
that has to be sailed as a man and woman pair, where both helmsman and crew are trapeze
sailors. Smaller values of stature, body mass, and body mass index have been determined in
Nacra 17 helmsmen, and smaller values of body mass and body mass index and higher values
of stature have been determined in Nacra 17 crew [31].

More detailed anthropometric research was conducted on Finn class sailors [17,18,35].
The Finn class is the former Olympic heavyweight single-handed dinghy (i.e., an Olympic
Class until 2021) and—similar to the ILCA 7 class—is a “classic” dinghy where the helms-
man can be classified as a side deck hiker [2]. The main difference between the ILCA 7
and the Finn class is the weight of the hull and the almost 30% bigger sail area of the Finn
class dinghy. Compared to ILCA 7 sailors, who are dynamic side deck hikers due to the
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high sailor-to-yacht weight ratio, Finn sailors are classified as static side deck hikers due
to a low sailor-to-yacht weight ratio [2]. Given the above context, it is not surprising that
Finn sailor have greater values for all anthropometric and body composition values (stature,
body mass, body mass index, fat range, muscle mass, trunk muscle mass, arms muscle mass, legs
muscle mass, fat mass, trunk fat mass, arms fat mass, legs fat mass, biepicondilar humerus width,
biepicondilar femur width, upper arm girth flexed and tensed, calf girth, sum of skinfolds, triceps
skinfold, subscapular skinfold, supraspinale skinfold and medial calf skinfold) compared to ILCA
7 sailors [17,18,35].

4.3. ILCA 7 Sailors Somatotype

The lack of scientific research on the body structure of ILCA 7 sailors is also evident
with respect to somatotype. Both studies that determined somatotype and this study
found that the mesomorphic component is a dominant feature in ILCA 7 sailors [19,20].
The somatotype category “endomorphic mesomorph” was found across Spanish ILCA
7 sailors [19], while Croatian ILCA 7 sailors were classified as “balanced mesomorph” [20].

In our study, more than 75% of elite ILCA 7 sailors have a dominant mesomorphic
somatotype component and can be categorized as “endomorphic mesomorph” somatotypes.
Similar distributions were also observed in elite Finn class sailors [18]. Generally, the
mesomorphic component is dominant for sailors in all sailing classes where somatotype was
calculated: Finn [18,19], ILCA 6 [20], Formula [11], Optimist [36], RSX [19], and Olympic
classes 470 & 49er [19]. The endomorphic mesomorph somatotype is common to ILCA 7 and
Finn class sailors [18], while the balanced mesomorph somatotype is more common in ILCA
6, Formula, and 49er classes [11,19,20], and the ectomorphic mesomorph somatotype in RSX
and 470 classes [19]. The dominant mesomorphic somatotype component of ILCA 7 sailors
could be explained by the theory that size only confers an advantage if extra weight does
not add more to the resistance of the yacht than it contributes to the propulsive forces of
the dinghy; therefore, optimal leverage (stature) and ballast mass (body mass) are needed
to be an efficient ILCA 7 sailor.

A mesomorphic somatotype component is dominant in various high-performance
athletes in sports such as soccer [37], rowing [38], table tennis [39], track cyclist [40], canoe
and kayak paddlers [15], 100 m sprinters [10,41] track and field [41], swimming [41],
and basketball [12]. However, ILCA 7 sailors share the same endomorphic mesomorph
somatotype category with sprint-track cyclists [40], rowers [42], kayakers [12], and water
polo players [43].

4.4. Differences of ILCA 7 Sailors According to Level of Success

In our study, significant differences were found between the ILCA 7 sailors” higher,
medium, and lower successful groups in terms of age, body mass, muscle mass, trunk muscle
mass, legs muscle mass, biepicondilar humerus width, sum of skinfolds, triceps skinfold, supraspinale
skinfold, medial calf skinfold and endomorphy rating. However, age was the only variable
that differentiated the higher and medium successful groups, while for all other measured
variables, the two groups (higher and medium successful) were quite homogeneous. Ex-
perience can be a key element of sport excellence, especially in an individual sport such
as sailing, where tactics and race anticipation play a decisive role. The fact that in this
research, WSR was used as a criterion to classify ILCA 7 sailors can be favorable for the
more experienced sailors. WSR takes into account the six best regatta ratings within the last
twelve months. It can be assumed that more experienced athletes are able to keep a higher
level of performance over a longer period under potentially different environmental race
conditions. So, the difference in age between the higher and lower successful groups can be
justified by the years of sailing experience. Physical maturity may have also influenced the
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results, as some sailors included in the study were younger than the typical age at which
full physical development is attained. Although the difference in age between the medium
and lower successful groups is not significant, it is also very indicative.

The lower successful group of ILCA 7 sailors has smaller values for body mass, muscle
mass, trunk muscle mass, and leg muscle mass, and higher values of sum of skinfolds, triceps
skinfold, and endomorphy rating compared to the higher and medium successful groups.
Similar results have been determined in Finn class sailors [18], and therefore, the same
conclusion of the findings could be repeated in the ILCA 7 class. The homogeneity of ILCA
7 sailors in the parameters of longitudinal and transverse skeletal dimensions might reflect
the selection process for the sailing class, whereas the determined impact and analyses
of differences in the dimensions of soft tissue might reflect an adaptive process [18]. As
previously noted, optimal stature appears to be a well-established factor in maximizing
leverage efficiency in the ILCA 7 sailing class. Sailors of shorter stature may experience a
mechanical disadvantage due to reduced leverage, while taller sailors may benefit from
improved leverage but potentially at the cost of increased energy expenditure and a
lower muscle mass to body mass ratio. While bone length and width dimensions are
not changeable, muscle and fat mass and their distribution are likely to be affected by
a long-term build-up training program. It appears to take some time to adapt the body
to the more successful ILCA 7 sailor model, which has more muscle mass and a lower
endomorphy rating. Additionally, the “adaptation process” may be significantly influenced
by nutritional factors and shaped by individual genetic predispositions. Higher values
of muscle mass and lower endomorphy ratings have been reported at professional levels
compared to the amateur level Formula class sailors [11].

4.5. Limitations of the Study

In this study, only the BIA method was used to analyze body composition. It is well
known that hydration levels can significantly influence impedance readings. Dehydration
or overhydration can lead to incorrect estimates of fat mass or lean mass. Although the
measurement protocol was the same for all sailors, the hydration status was not controlled
for by any method. Among the other body composition methods, e.g., Heath-Charter
or Durnin-Womersley, BIA was chosen as it is the fastest method for estimating body
composition. Given the advancing understanding of body composition, future research
should consider integrating a broader set of anthropometric parameters to enhance the
accuracy and applicability of various body composition assessment methods.

The group sizes of the sailors, categorized based on overall success in this study, were
unequal, which may have influenced the statistical power of the analysis. Although squared
eta (n?) coefficients were calculated, alternative methods such as Welch’s ANOVA, which
accounts for unequal variances, could also be employed. Where feasible, future research
should aim to balance group sizes to improve the robustness of statistical comparisons.

Only anthropometric parameters were assessed, limiting the ability to directly ana-
lyze the influence of functional and motor abilities on competitive performance. While
morphological variables may offer indirect insights into these influences, a more compre-
hensive evaluation of performance in sailing requires the inclusion of assessments targeting
functional and motor capacities. Although the implementation of such tests prior to major
competitions may present challenges, as coaches and athletes may be reluctant to engage in
potentially strenuous assessments during critical preparation periods, collaboration among
researchers, coaches, athletes, and class officials is essential to explore viable approaches.
Incorporating both morphological and functional data could yield valuable insights, with
substantial implications for the development of specific sailing classes and the enhancement
of performance within the sport more broadly.
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Age and training history may confound the analysis; therefore, it is advisable to
include additional demographic data, such as sailing history (e.g., previously sailed classes,
years spent in the specific sailing class, etc.), as well as non-sailing fitness information,
including types of cross-training activities and other relevant pursuits that could influence
anthropometric parameters.

The World Sailing Ranking (WSR) serves as a general indicator of sailing performance,
representing a composite measure of performance over a two-year period in the ILCA
7 class. Unlike the outcome of a single regatta, the WSR is less susceptible to situational
variables such as wind speed, water conditions, and other environmental factors that
may dominate during a specific competition week. Nevertheless, it remains important
to examine potential differences in morphological characteristics across varying levels of
situational competitive success. Any study focused on a single regatta would inherently
be influenced by the aforementioned environmental variables, and its findings should be
interpreted in the context of prevailing wind conditions and other relevant race parameters.

5. Conclusions

The anthropometric profile, body composition, and somatotype of world-class and
elite international ILCA 7 sailors have been defined, and differences between sailors of
different levels of success were determined. To the best of the authors” knowledge, this
study included the largest cohort of international elite ILCA 7 sailors or sailors of any other
Olympic sailing class.

Although anthropometric measures, body composition, and somatotype provide
valuable information about the optimal profile of elite ILCA 7 sailors, body structure
profiling is not complete without the determination of functional and motor abilities. Thus,
future studies on elite ILCA 7 sailors should focus on the relationship between body
structure and function.

The WSR can be seen as a measure of general sailing success. Its strength is that
it is less dependent on situational “on water” conditions, such as wind speed, sea state,
and other environmental conditions that were dominant during a specific competition.
However, it is advisable that similar research could be replicated, considering results from
a single competition, and hopefully analyzing and considering sailing performance under
different wind conditions.

The present study can help coaches and young sailors in the process of choosing the
ideal sailing class. In the sport of sailing, there are many sailing classes, and six of them
are in the Olympic program. Choosing the ideal sailing class that best fits the athlete’s
anthropometric profile could be a crucial first step in a sailor’s career. This research clearly
determines the anthropometric profile, body composition, and somatotype of elite ILCA
7 sailors, which can significantly contribute to a more informed choice of sailing class.
Given the results of this research, current ILCA 7 sailors can easily compare their own
anthropometric parameters with elite ILCA 7 sailors and eventually adjust the training
process to obtain a more desirable anthropometric profile.
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Abstract: Background: Handball is characterized by fast and dynamic movements re-
quiring appropriate psychomotor abilities and body mass composition. High levels of
reaction and movement time can be crucial factors influencing quick reactions and in-time
decision-making at the handball court. The aim of this study was to assess psychomotor
abilities among elite and sub-elite Polish and Portuguese male and female handball players
at the different levels of competition. Methods: Computer Test2Drive systems were used
to assess reaction time, movement time and percentage of correct responses of 199 handball
players (60 females). Results: Statistically significant correlation was noted between SIRT
cr and the Elite group (r = 0.44) and between the CHORT cr and all groups (r = 0.33). A
statistical correlation between CHORT MT and total body water (r = 0.44) was also noted in
Elite handball players. Conclusions: High level of psychomotor abilities and body composition
seems to have impact on the competitive level in male and female handball players.

Keywords: handball; psychomotor abilities; reaction time; decision making; movement
time; body composition

1. Introduction

Modern elite handball is characterized by 60 min of repeated accelerations, sprints,
jumps, shots, rapid changes of direction, and a high number of physical confrontations
with opponent players [1,2]. Therefore, handball is a complex, multi factorial [3] dynamic
sport discipline, where each team tries to score goals with different technical, tactical and
physiological demands [4,5]. It is a kind of competitive sport that requires processing a
significant amount of information at the same time [6], combined with possessing knowl-
edge to correctly respond in a timely manner [7]. Therefore, modern handball results may
depend on numerous factors [8,9] such as reaction time, movement time, decision-making
or body composition [10,11]. The scientific research of Curitianu et al. [12] can be an ex-
ample showcasing that players’ reaction speed has an impact on the number of effective
quick attacks. Similarly, Ohnjec et al. [13] have shown, by quantifying 60 matches for the
World Women’s Handball Championship in 2003, that the possibility of a fast break is
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determined by reaction speeds. Also Krawczyk [14] showed that top-level goalkeepers wait
until the last second before reacting to the opponent’s shot, which makes their decisions
more effective. Moreover, high demands on the retention time and range of perception, and
the multitude of visual stimuli and moving objects in the central as well as the peripheral
field of vision at the same time makes handball a sport with a high need for perceptual com-
petence in its players [15]. Approximately sixty per cent of offensive actions have a standard
duration between 21 and 35 s, while seventeen per cent of them are short actions with a
duration of less than twenty seconds [16,17]. Anticipation abilities and quick reaction time
can be crucial in handball at different competitive levels [14,18-20]. The optimal reaction
time for athletes is between 140 and 160 milliseconds [21]. This can also be used to assess
psychophysical state and technical and tactical skills [22]. Although the basic physical and
motor elements are important, physical training alone seems to not be enough for sporting
success. So, psychomotor abilities like coordination and perception can play an important
role in enabling players to successfully perform and respond to complex tasks [23]. In ad-
dition, success in motor coordination depends on individual perception (i.e., the ways in
which a person perceives a given situation). Bideau [24] showed that professional handball
goalkeepers’ success depends on their ability to anticipate and shorten their reaction time.
Related conclusions presented by Krawczyk et al. [14] show that handball goalkeepers
exhibit high abilities in reaction time and motor time in terms of simple reaction time and
choice reaction time. Moreover, Sliz et al. [25] showed statistically significant reaction
and movement time differences between female handball players on different levels of
competition. Furthermore, the female players from the Polish Women’s Superliga exhibited
the fastest reaction time according to the simple reaction time, choice reaction time and
spatial anticipation test. Nevertheless, psychomotor abilities differentiate players by posi-
tion, especially short-term memory capacity and reaction time [26]. Przednowek et al. [27]
revealed that, in the majority of psychomotor tests, the first-division handball players had
a shorter reaction time than players competing in lower leagues. It is also necessary to take
note of the fact that appropriate anthropometric characteristics and body composition of
male and female handball players at different training levels is very important in current
handball [9-11,28-33]. The importance of adequate anthropometric characteristics and
body composition was shown in a study by Martinez-Rodriguez et al. [34], who presented
that female handball players have a proportion of fat mass of around 20%, with a slightly
lower proportion in elite players. For male players, the proportion of fat mass is significant
at around 14%, with a higher proportion in non-elite players.

Therefore, there are many scientific works about the relationship between body com-
ponents and reaction time in team sports at the different gender, age, level of league
and training competition characteristics [35—40]. A similar investigation published by
Sliz et al. 2023 [9] showed that the level of selected motor abilities might be affected by
some parameters of body composition.

Summarizing, a crucial matter of concern in handball can be finding a solution be-
tween body composition, training experience, reaction time, movement time and correct
responses [41].

2. Aim

This study’s aim was two fold: (i) to assess psychomotor abilities such as reaction time,
movement time, correct responses in male and female handball players from the Elite and
Sub-Elite Polish and Portuguese handball leagues during 2023 /2024 season, (ii) analyze the
relationship between body composition, training experience and psychomotor abilities in
different levels of competition in Polish and Portuguese female and male handball players.
Furthermore, the aim of this research was also to identify whether there was a correlation
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between reaction time, movement time and correct response according to sex, age, body fat,
body mass, fat-free mass, body height and total body water of male and female handball
groups (Elite and Sub-Elite).

3. Material

Participants

The study group consisted of 199 handball players (60 female and 139 male) (Table 1)
associated in the Polish and Portuguese Handball Federation (female average age: 29.3 + 5.4
and male average age: 24.3 + 3.9). The group of male and female handball players was
divided into Elite and Sub-Elite athletes, according to the National division in which their
team compete. The Elite group of female and male handball players were professionals and
competed in the top national league, while the Sub-Elite group were semi-professionals
playing in the second national league. Therefore, 68 Elite and 71 Sub-Elite male handball
players were examined. Also, the female handball players consisted of 21 Elite and 39 Sub-Elite
handball players. All female and male handball players participated in different competi-
tive levels (Elite and Sub-Elite competition) in Poland and Portugal. Before the beginning of
the tests, we received permission from the handball clubs to allow the players to participate
in the scientific research. All the male and female handball players studied were Elite and
Sub-Elite group who were tested during the Portuguese (March 2024) and Polish (April
2024) national competitions.

Table 1. Characteristic of Polish and Portuguese female and male handball players.

Group Female Handball Male Handball
N 60 139
Age 293+54 243439
Body Height (cm) 180.6 £ 6.7 186.0 7.0
Body Weight (kg) 789+09.1 103.1 +£15.2
BMI 293+4.6 242421

N—number of participants, BMI—Body Mass Index.

4. Methods
4.1. Psychomotor Abilities Assessment

Test2Drive is a modern device that is clear and intuitive for the test participant.
The tests are conducted using an online-connecting computer equipped with a touch moni-
tor. The use of the touchscreen monitor makes it possible to replace the elaborate traditional
apparatus, which significantly reduces the examination time. The entire examination with a
complete battery of tests is carried out at one station. All tests of the Test2Drive system were
preceded by a practice phase after which the test participant proceeded to the main test.
Immediately after the examination, the participant had access to the reports and protocols
of the results. The system is standardized with tables of norms. The report includes raw
scores, as well as normalized results presented on a sten scale. Figure 1 shows 6 tests as-
sessing psychomotor ability such as reaction time, movement time and correct response in
SIRT, CHORT, HECOR, SPANT, PUT and PAMT tests. The compatibility and effectiveness
of Test2Drive are confirmed by previous studies, making it an effective replacement for
conventional psychological tests [21,42-44]. Simple reaction time (SIRT)—in a standing
position, the participant’s task is to move the forefinger from one box on the screen to
another in response to a stimulus. All stimuli are identical, presented at random intervals.
The test measures reaction time (from the stimulus to lifting the finger from the resting
field) and movement time (movement time to the reaction field). The median reaction
time and median motor time are therefore evaluated. Choice reaction time (CHORT)—in a
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standing position, varying responses are required of the participant—depending on the
displayed pattern, the participant must touch the appropriate box or hold back from react-
ing. In addition to reaction and movement time, an important variable is the percentage of
correct reactions, indicating the effectiveness of inhibition processes. HECOR (hand-eye
coordination) measures eye-hand coordination. The participant has to press the box under
the presented stimulus. The test is a development of the idea of the classic Piérkowski appa-
ratus. The variables are reaction time and movement time. SPANT (spatial anticipation test)
was also designed to measure eye-hand coordination. The SPANT test involves tapping a
box at the intersection of the row and column indicated by the signal. In these tests, the
variables are reaction time, movement time and the percentage of correct responses. SPANT
is the most complex task testing psychomotor performance. PUT (pop-up test) is based on
Anna Treismann’s trait-integration concept. The task involves searching a set of elements
for an object defined by a conjunction of features. It allows for the assessment of visual
search speed and attentiveness. The participant was instructed to select the black triangle
pointing either vertically upward or downward. If no such triangle appeared, the partici-
pant was to click the "NONE" button located in the bottom-right corner to proceed to the
next stage. The perception—anticipation of movement test (PAMT) involves evaluating the
movement of objects and making decisions at the right moment. The result of the test is the
percentage of correctly performed tasks. The participant was required to touch an object
using the index finger in such a way that it would avoid collision with other objects while
moving horizontally across the board. The tests were selected to correspond to the specifics
of the profession that female and male handball players face. During a handball match,
handball players make a significant number of decisions in offensive and defensive actions
where reaction time can be key to achieve the individual and team goal.

(a) (b)
(c) (d)
(e) (f)

Figure 1. Reaction panel of the Test2Drive system: (a) SIRT, (b) CHORT, (c¢) HECOR, (d) SPANT,
(e) PUT, (f) PAMT.
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4.2. Statistical Analysis

Descriptive statistics were presented as mean =+ standard deviation. A Shapiro-Wilk
test was performed on all analyzed groups, which showed that the distribution of the data
deviated from normal. Accordingly, the Mann—-Whitney test was performed to identify sta-
tistically significant differences between Elite and Sub-Elite athletes. In addition, Spearman
rank correlations were used to determine the relationship between the various components
of body composition, experience and psychomotor performance. All statistical procedures
were performed using IBM SPSS Statistics 29.0 software (SPSS Inc., Chicago, IL, USA),
and the significance level was set at 5%. Scatter plots for selected variables were prepared
in R Studio (version 4.3.3).

The G*Power 3.1 software was used to estimate the minimal sample size. For the
Mann-Whitney test, a total number of N = 74 (37 in each group research and control) were
required to detect the effect size of 0.80 at the 0.05 significance level and power 0.95.

5. Results

Table 2 presents specific selected psychomotor abilities in the group of Elite and
Sub-Elite female handball players. In all tests performed, there were no statistically sig-
nificant differences in reaction time and movement of players at different competitive
levels. Analysis of the results obtained in the SIRT test showed that the reaction time is at
a highly comparable level (Elite 333.48 + 33.89, Sub-Elite 333.92 + 36.23). Similar results
were noted assessing correct responses in the SIRT test, in which the correct answers were
Elite: 98.81 + 2.69, Sub-Elite: 98.95 + 2.88. Therefore, no statistically significant differences
were seen in the SIRT test results obtained. However, faster reaction time in individual
tests was characterized by female players. Such an example was observed in the CHORT
test, in which a difference was noted between the test groups in reaction time in favor of
the Elite group (658.95 + 64.35 vs. 668.89 + 57.38). Despite the difference in the results
obtained, no statistical significance was observed. The HECOR test also showed that female
handball players in the Elite group (393.14 + 46.99) obtained shorter reaction times than the
Sub-Elite group (405.58 + 60.04). In two further tests (SPANT, PAMT) assessing reaction
time, movement time and correct responses, the results obtained are at a very similar level
and no statistical significance was noted between the study groups. The only statistically
significant differences were observed in the PUT test, where the decisiveness of incorrect
answers was assessed. The mean value for the Elite group was 95.43 + 3.30, while the
Sub-Elite group scored 94.11 + 3.97 (p = 0.0048).

Table 3 presents specific selected psychomotor abilities in the group of Elite and Sub-
Elite male handball players. In the group of handball players studied, in most cases no
statistically significant differences were seen between the Elite and Sub-Elite male handball
players. In addition, better results were observed for movement time in the SIRT, CHORT
and HECOR tests. In the SIRT test, the average movement time for the Elite group was
227.24 + 44.16 and for the Sub-Elite group it was 183.90 + 37.87 (p = 0.0004). In the CHORT
test, the Elite group also scored worse (239.86 + 47.29) compared to the Sub-Elite group
(197.49 + 43.34), which was also statistically significant (p = 0.0002). A similar trend was
also observed for the HECOR test, where the average movement time for the Elite group
was 269.33 + 51.58 versus the Sub-Elite group: 225.61 + 35.59 (p = 0.0001).
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Table 4 presents correlation between specific selected psychomotor abilities, body
composition components and training experience in the group of Elite and Sub-Elite male
handball players. All statistically significant results are marked with an asterisk, and the
numbers represent Spearman’s rank correlation coefficients (r). It was observed that correct
answers in the HECOR cr positively correlated (r = 0.27) with body mass and body height
(r = 0.31) in the Sub-Elite group. In addition, a negative correlation coefficient was observed
in HECOR cr with training experience in all the groups (r = —0.23), whereas SPANT cr
showed a correlation with training experience in the Elite group (r = —0.30). A statistical
significance was also noted in the male study group between PUT cr and fat-free mass (kg)
(r =0.18), and also between PAMT cr and body height (r = 0.19). No statistically significant
correlations were observed for the SIRT and CHORT test.

Table 4. Correlation analysis between body composition, body height, training experience and correct
answers among male handball players.

Variable Grou SIRT CHORT HECOR SPANT PUT PAMT
P cr [%] cr [%] cr [%] cr [%] cr [%] cr [%]
Total NS NS NS NS NS NS
Body Fat [%] Elite NS NS NS NS NS NS
Sub-Elite NS NS NS NS NS NS
Total NS NS NS NS NS NS
Body mass [kg] Elite NS NS NS NS NS NS
Sub-Elite NS NS 0.27 * NS NS NS
Total NS NS NS NS 0.18* NS
Fat-Free Mass [kg] Elite NS NS NS NS NS NS
Sub-Elite NS NS NS NS NS NS
Total NS NS NS NS NS 0.19°%
Body Height Elite NS NS NS NS NS NS
Sub-Elite NS NS 0.31* NS NS NS
Total NS NS NS NS NS NS
Total Body Water [L] Elite NS NS NS NS NS NS
Sub-Elite NS NS NS NS NS NS
Total NS NS —0.23 % NS NS NS
Training Experience [years] Elite NS NS NS —0.30* NS NS
Sub-Elite NS NS NS NS NS NS

cr—correct response; *—statistical significance (p < 0.05); NS—not statistically significant; Values represent
Spearman’s rank correlation coefficient (r).

Table 5 shows the correlation analysis between body composition, body height, train-
ing experience and correct response. Correlations of moderate strength were noted between
the SIRT cr and Elite group (r = 0.44) and between CHORT cr and all the groups (r = 0.33).
In most cases, a negative correlation was also observed in SIRT cr with body height in all
the groups (r = —0.26) and the Elite group (r = —0.38), as well as in SIRT cr with total body
water in all the groups (r = —0.26). Correlation of high strength, however, was observed
between SPANT cr and body fat percentage in the Elite group (r = —0.58) and in the whole
group (r = —0.37). Comparable occurrence was observed between SPANT cr and body
mass (kg) and fat-free mass (kg) with strong correlation. Moreover, a statistical significance
in PAMT cr it was also observed with body mass (kg) and fat-free mass (kg) and training
experience in all groups (r = —0.38). No statistically significant correlations were observed
for the HECOR and PUT tests.
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Table 5. Correlation analysis between body composition, body height, training experience and correct

answers among female handball players.

. SIRT CHORT HECOR SPANT PUT PAMT
Variable Group cr [%] cr [%] cr [%] cr [%] cr [%] cr [%]
Total NS 0.33 * NS —0.37* NS NS
Body Fat [%] Elite NS NS NS —0.58 * NS NS
Sub-Elite NS NS NS NS NS NS
Total NS NS NS —0.54 % NS —0.48 %
Body Mass [kg] Elite NS NS NS —0.78 * NS —0.54*
Sub-Elite NS NS NS NS NS NS
Total NS NS NS —0.46* NS —0.56 *
Fat-Free Mass [kg] Elite NS NS NS —0.66* NS —0.58 *
Sub-Elite NS NS NS NS NS —0.49 *
Total —0.26 % NS NS NS NS NS
Body Height Elite —0.38 * NS NS NS NS NS
Sub-Elite NS NS NS NS NS NS
Total —0.26* NS NS NS NS NS
Total Body Water [L] Elite NS NS NS NS NS NS
Sub-Elite NS NS NS NS NS NS
Total NS NS NS NS NS —0.38 *
Training Experience [years] Elite 0.44 * NS NS NS NS NS
Sub-Elite NS NS NS NS NS NS

cr—correct answers; *—statistical significance (p < 0.05); NS—not statistically significant; Values represent

Spearman’s rank correlation coefficient (r).

Table 6 shows the correlations analysis between body composition, body height,

age and movement time in male handball players. A weak to moderate correlation was
observed in CHORT MT (r = —0.30) and SPANT MT (r = —0.26) with age in the Sub-Elite
group. While the HECOR MT test showed a statistically significant correlation with body fat
% (r = —0.20) in all the groups of players, fat-free mass (kg) also saw a significant correlation

(r = —0.26) in the Sub-Elite group.Moreover, in the same test, there was also a moderate

correlation with total body water (r = —0.37). No statistically significant correlations were

observed for the SIRT test.

Table 6. Correlation analysis between body composition, body height, age and movement time

among male handball players.

Variable Grou SIRT CHORT HECOR SPANT
P MT [ms] MT[ms]  MT [ms] MT [ms]
Total NS NS —-0.20 % NS
Body Fat [%] Elite NS NS NS NS
Sub-Elite NS NS NS NS
Total NS NS NS NS
Body Mass [kg] Elite NS NS NS NS
Sub-Elite NS NS NS NS
Total NS NS NS NS
Fat-Free Mass [kg] Elite NS NS NS NS
Sub-Elite NS NS —0.26 * NS
Total NS NS NS NS
Body Height Elite NS NS NS NS
Sub-Elite NS NS NS NS
Total NS NS —0.19* —-0.18 *
Total Body Water [L]  Elite NS NS NS NS
Sub-Elite NS NS —-0.37* NS
Total NS NS NS NS
Age [years] Elite NS NS NS NS
Sub-Elite NS —-0.30* NS —-0.26*

MT—movement time; *—statistical significance (p < 0.05); NS—not statistically significant; Values represent

Spearman’s rank correlation coefficient (r).
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Table 7 shows the correlation analysis between body composition, body height, age
and movement time in female handball players. A moderate correlation was observed
between CHORT MT and total body water (r = 0.44) in Elite handball players. Meanwhile,
HECOR MT correlated with age in the Sub-Elite group (r = —0.39). Moreover, SPANT MT
showed a correlation with fat-free mass (r = —0.30) and total body water (r = —0.30) in all
the groups. No significant relationships were shown for the SIRT test.

Table 7. Correlation analysis between body composition, body height, age and movement time
among female handball players.

Variabl Grou SIRT CHORT HECOR SPANT
ariable P MT [ms]  MT [ms] MT [ms] MT [ms]
Total NS NS NS NS
Body Fat [%] Elite NS NS NS NS
Sub-Elite NS NS NS NS
Total NS NS NS NS
Body Mass [kg] Elite NS NS NS NS
Sub-Elite NS NS NS NS
Total NS NS NS —0.30*
Fat-Free Mass [kg] Elite NS NS NS NS
Sub-Elite NS NS NS NS
Total NS NS NS NS
Body Height Elite NS NS NS NS
Sub-Elite NS NS NS NS
Total NS NS NS —-0.30*
Total Body Water [L] Elite NS 0.44* NS NS
Sub-Elite NS NS NS NS
Total NS NS NS NS
Age [years] Elite NS NS NS NS
Sub-Elite NS NS —0.39* NS

MT—movement time; *—statistical significance (p < 0.05); NS—not statistically significant; Values represent
Spearman’s rank correlation coefficient (r).

The correlation analysis between body composition, body height, age and reaction time
in male handball players was presented in Table 8. A weak-to-moderate correlation was
observed between SIRT reaction time and body mass (r = 0.32), fat-free mass (r = 0.28) and
total body water (r = 0.31) in the Sub-Elite group. Meanwhile, SIRT reaction time correlated
in the Elite group with total body water (r = 0.24). It is noteworthy that, in the HECOR test
in relation to the Sub-Elite group, the highest values for correlation were determined with
fat-free mass and total body water in all the groups as well as in the Sub-Elite group. A
correlation was also observed with body fat (r = 0.28) in the Elite group.Moreover, a weak
correlation was observed in PUT reaction time with body height (r = —0.14) in all groups.
No meaningful relationship were observed for the CHORT reaction time, SPANT reaction
time and PUT reaction time tests.

Table 9 shows the correlation analysis between body composition, body height, age
and reaction time in female handball players. A weak-to-moderate correlation was observed
in CHORT reaction time with body mass (r = 0.27) and age (r = 0.27) in all handball groups
and in PUT reaction time with body fat percentage (r = 0.59) in the Elite group, as also with
age (r = 0.30) in all groups. Moreover, in PUT k reaction time, a correlation was observed
with fat-free mass in the Elite group (r = 0.52) and in all the groups (r = 0.33). Furthermore,
a correlation was also observed for total body water in the Elite group (r = 0.56) and all
the groups (r = 0.36), as well as for age (r = 0.32) in all the groups. No relationships were
observed for the SIRT reaction time, HECOR reaction time and SPANT reaction time tests.
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Table 8. Correlation analysis between body composition, body height, training experience and

reaction time among male handball players.

Variabl Grou SIRT CHORT HECOR SPANT PUT PUT k
ariable p RT [ms] RT [ms] RT [ms] RT [ms] RT [ms] RT [ms]
Total NS NS NS NS NS NS
Body Fat [%] Elite NS NS 0.28* NS NS NS
Sub-Elite NS NS NS NS NS NS
Total 0.16 * NS NS NS NS NS
Body Mass [kg] Elite NS NS NS NS NS NS
Sub-Elite 0.32*% NS 0.25* NS NS NS
Total NS NS 0.22*% NS NS NS
Fat-Free Mass [kg] Elite NS NS NS NS NS NS
Sub-Elite 0.28* NS 0.43* NS NS NS
Total NS NS NS NS NS —0.14*
Body Height Elite NS NS NS NS NS NS
Sub-Elite NS NS NS NS NS NS
Total NS NS 0.21* NS NS NS
Total Body Water [L] Elite 0.24 * NS NS NS NS NS
Sub-Elite 0.31* NS 0.43 * NS NS NS
Total NS NS NS NS NS NS
Age [years] Elite NS NS NS NS NS NS
Sub-Elite NS NS NS NS NS NS

RT—reaction time; *—statistical significance (p < 0.05); NS—no statistical significance; Values represent Spearman’s

rank correlation coefficient (r).

Table 9. Correlation analysis between body composition, body height, training experience and

reaction time among female handball players.

Variabl Grou SIRT CHORT HECOR SPANT PUT PUT k
ariable p RT [ms] RT [ms] RT [ms] RT [ms] RT [ms] RT [ms]
Total NS NS NS NS 0.33* NS
Body Fat [%] Elite NS NS NS NS 0.59 * NS
Sub-Elite NS NS NS NS NS NS
Total NS 0.27 * NS NS NS NS
Body Mass [kg] Elite NS NS NS NS NS NS
Sub-Elite NS NS NS NS NS NS
Total NS NS NS NS NS 0.33*
Fat-Free Mass [kg] Elite NS NS NS NS NS 0.52*
Sub-Elite NS NS NS NS NS NS
Total NS NS NS NS NS NS
Body Height Elite NS NS NS NS NS NS
Sub-Elite NS NS NS NS NS NS
Total NS NS NS NS NS 0.36 *
Total Body Water [L] Elite NS NS NS NS NS 0.56 *
Sub-Elite NS NS NS NS NS NS
Total NS 0.27 * NS NS 0.30 * 0.32*
Age [years] Elite NS NS NS NS NS NS
Sub-Elite NS NS NS NS NS NS

RT—reaction time; *—statistical significance (p < 0.05); NS—not statistically significant; Values represent Spear-

man’s rank correlation coefficient (r).

Figure 2 presents the correlations between body mass [kg], body fat [%] and percent-
age of correct answers in the SPANT Cr [%] test. The blue dots on the chart illustrate the
individual results of the athletes, while the red line represents the overall trend line, show-

ing the general tendency. Among elite female athletes, a statistically significant negative

correlation (p < 0.05) was observed for both of the above cases. High strength correlations,

for body mass (r = —0.78) and body fat (r = —0.58), indicate that an increase in body mass

and body fat content decreases the number of correct answers on the SPANT cr test.
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Figure 2. Scatter plot of SPANT test results in a group of professional female players: relationship
between body fat, body mass, and the number of correct answers (CR). Blue dots represent individual
results of the athletes, while the red line indicates the overall trend line showing the general tendency.

6. Discussion

The purpose of this study was to assess psychomotor abilities in male and female
handball players from the Elite and Sub-Elite Polish and Portuguese handball leagues
during the 2023/2024 season. Moreover, the aim of this evaluation was to analyze the
relationship between body composition, training experience and psychomotor abilities
at different levels of competition in Polish and Portuguese male and female handball
players. Additionally, this study sought to identify potential correlations between reaction
time, movement time and correct responses across male and female handball players
in both Elite and Sub-Elite groups, with respect to variables such as sex, age, body fat
percentage, body mass, fat-free mass, body height and total body water. Handball is
considered to be a sport that requires the player to be constantly ready and maintain
attention during offensive and defensive actions [5], even though there are shorter or
longer breaks, as the sport is dominated by sudden and rapid changes in the direction and
position of the players [1,2,15,45]. Therefore, appropriate development of psychomotor
abilities in combination with appropriate physique and body composition of male and
female handball players seems to be important in this competitive team sport.

In recent years, the problem of psychomotor abilities in team games of professional
and amateur sport in the wide sense has been repeatedly undertaken by scientists all
over the world. There are scientific investigations in the literature related to the assess-
ment of reaction time, movement time, eye-hand coordination and anticipation in team
sports [9,20,26,27]. Furthermore, there are also scientific publications in the literature con-
nected to the relationship between body components and reaction time in the different
level of competition [25,27,46]. Therefore, the aim of this study was to investigate the
relationship between body composition, training experience and psychomotor abilities
among female and male handball players of different competitive levels.

Through the analysis of the psychomotor performance assessment tests, it can be seen
that the group of Elite male handball players with more training experience achieved a
better result in the SPANT cr (r = —0.30) psychomotor test. This shows that, the more
experience athletes have, the better percentage of correct answers handball players achieve.
Similar results were presented by Jackson and Mogan [47], in which their analysis showed
that players at a higher level of competition are characterized by a greater level of antici-
pation as compared to amateurs. The same conclusions were also presented in a study by
Przednowek et al. [27], where the fastest reaction time occurred among those practicing
sport with the longest seniority (more than 14 years), while better performance in move-
ment time (MT) was seen among the study group with a seniority of 10-14 years. These
results raise the hypothesis that more experienced handball players should have greater an-
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ticipatory abilities and correct response than the group with lower seniority. However, in a
study of Shelton et al. [48] on female handball players, the authors investigated differences
in reaction speed to situations depending on the sporting level represented. Furthermore,
Ando et al. [49] showed that reaction time decreased with repeated exercise, which suggests
that, the more experienced the player, the shorter the reaction time is.

As already mentioned, many scientific publications aimed to evaluate the relationship
between reaction time and movement time with body composition parameters [1,9,37,39,46,50,51].
The results of the handball players showed a statistically significant relationship between the
SPANT cr test and selected body mass components (p < 0.05). A negative correlation was observed
with the body fat percentage in the Elite group (r = —0.58), in the whole group of female athletes
(r = —0.37), as well as with body weight (kg) and lean body mass (kg). Studies have shown
that, the lower the level of body fat, the higher the number of observed and correct answers.
This suggests that body fat level may affect correct decision-making during a handball match. A
parallel situation took place in the test in PAMT cr with body mass (kg) and fat-free mass (kg)
in all the groups. This shows that, the higher the body mass, the fatter, the lower the number of
correct responses.

Moreover, in HECOR MT test was observed a statistical correlation with body fat
percentage in all male groups, as well as a correlation with fat-free mass and total body
water (kg) in the Sub-Elite group. Meanwhile, in the group of female handball players,
SPANT MT correlated with fat-free mass and total body water. Such conclusions are
confirmed by the studies of other researchers. Skurvydas et al. [46] observed that the
group of participants with a higher level of BMI had a significantly longer reaction time.
Moreover, they noticed significant differences between the reaction time of the mid- and
high-BMI groups [46]. Meanwhile, in the research of Arabaci et al. [50], the authors noticed
that lower leg fat percentages and fat mass in taekwondo athletes affected the reaction
time in a positive way. Moreover, Poliszczuk et al. [51], in their research on reaction time
and body tissue composition of upper limbs in young female basketball players, found
a correlation between movement time and the FFM [kg] (r = —0.62), as with PMM [kg]
(r = —0.63) parameters.

Referring to the results obtained in a group of female and male handball players at the
different levels of competition, it should be concluded that even small differences in body
mass composition can have a substantial influence on the speed of in-time decision-making
on the pitch, anticipation of the opponent’s movement and reaction time and movement
time during each offensive and defensive action in handball.

This scientific study has some limitations that need to be taken into account during
its interpretation. The number of male handball players is very similar, but only 60 were
tested in the female group, divided into Elite and Sub-Elite groups. We also did not have a
balanced number between male and female handball players. A larger sample would have
ensured greater consistency and range of results presented.

Regarding the female sample size in this study;, it is important to note that the relatively
small number of female participants could impact the broader applicability of the results.
Therefore, future research with a larger and more diverse sample of female participants is
necessary to enhance the generalizability of the results and provide more comprehensive
insights into the psychomotor abilities, body composition and training experience of female
handball players across various levels of competition.

The findings of this study on psychomotor abilities, body composition and training
experience of Elite and Sub-Elite handball players have several practical implications for
handball coaches, particularly in the context of optimizing player performance. For exam-
ple, this study suggests that body fat percentage, fat-free mass and total body water may
influence reaction time, movement time and correct responses. Coaches can use this infor-
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mation to identify players who may benefit from adjustments in their body composition,
such as implementing specific conditioning training to reduce body fat or increase lean mus-
cle mass. Elite players, who have accumulated more years of experience, may demonstrate
superior reaction time and movement efficiency compared to Sub-Elite players. Therefore,
training programs for Sub-Elite players could focus on accelerating the development of
these psychomotor abilities, with an emphasis on speed and decision-making under pres-
sure. Lastly, by systematically tracking changes in body composition and their potential
impact on psychomotor performance, coaches can refine training system, providing athletes
with individualized feedback to optimize their physical and mental capabilities.

7. Conclusions
Based on the analysis of the data, the following hypotheses were formulated:

1. The results seems to indicate that, the higher the level of body mass, body fat and
total body water, the lower the level of correct responses in psychomotor performance
assessment tests.

2. There is a relationship between SPANT cr and training seniority among the male
handball Elite group. This demonstrates that, the greater the level of experience of the
players, the lower the percentage of correct responses of the male handball players.

3. A statistical correlation was observed between movement time in the HECOR test and
body fat in the Elite and Sub-Elite male handball players; moreover, fat-free mass and
total body water (kg) correlated in the Sub-Elite group.
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Abstract: Baseball pitchers must reduce batters” decision-making ability, locating pitches in zones
where batters make weak contact. The purpose of this case study was to investigate potential pitching
performance improvements when wearing a specialized intra-abdominal pressure (IAP) belt. Thirteen
collegiate pitchers were randomly assigned to three bullpens of 40 pitches with visual encouragement
from an integrated LED screen and a portable radar. Pitchers wore their typical belt, an IAP belt
at regular length, and the IAP belt with a two-inch cinch for separate bullpen conditions. Fastball
and change-up velocities, their average differences in velocity, and strike-throwing percentages were
indexed and analyzed. A repeated measures ANOVA with an a priori of 0.05 and Tukey’s post hoc
analyses evaluated significant differences amongst the case study population across pitch velocity,
command, and deception, which was measured as the average velocity difference between fastballs
and change-ups. Given the small sample size, subject-specific data were presented and showed
the majority of pitchers threw faster, had greater accuracy, and displayed greater velocity ranges
between fastballs and change-ups. The subject-specific results in this case study indicated that most
pitchers improved performance across velocity, command, and deception metrics with the use of an
intra-abdominal pressure belt designed to be worn in competition.

Keywords: ulnar collateral ligament; Tommy John Surgery; shoulder; elbow

1. Introduction

Pitching performance is uniquely intertwined with disrupting decision-making for
batters, which can lead to weaker contact and increased probability of making outs. There
are two key metrics that qualify the value of a baseball pitcher and reflect their ability to
neutralize batting performance, namely, the pitcher’s Fielding Independent Performance
(FIP) and Wins Above Replacement (WAR) rating [1,2]. When looking at these metrics,
fastball velocity alone may not fully correlate with improvement. Equally important are a
pitcher’s ability to maintain velocity differentials between fastballs and change-ups, and
improved pitch tunneling. The latter is the visual deception that occurs when the same
pitch is thrown, yet the ball branches off in different directions due to ball speed and
spin characteristics, which move the ball to the bottom of the strike zone [2—4]. Another
apex quality that becomes increasingly important as pitchers develop and move through
competitive rankings is the ability to throw strikes; this is termed pitch command, which is
the ability to locate pitches in the strike zone. Collectively, the ability to deceive batters and
throw pitches to locations that induce lower exit velocities and distance off the bat, while
achieving fewer walks and hit batsmen, all raise the potential of FIP and WAR success [1,2].
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Previous research has indicated that players can compensate biomechanically in a
variety of ways and still maintain throwing velocity for both the change-up (CH) and
fastball (FB) [3,5]. Athletes were forced to alter their stride strategy and, despite such
gross changes in force production and momentum, velocities were unchanged and grip
strength reduced [3,6]. What is unknown are the overall fatigue effects throughout the
season that elevate joint stress and the potential risks of modifying pitching mechanics
or throwing programs over the long term, such as weighted ball velocity enhancement
programming. The quest to throw at higher velocities is more compelling in today’s sport
than at any other point in time. Generally, the selection criterion for high-level pitchers
by Major League Baseball scouts is to identify amateur players who are at or above the
current average velocity for the league, which motivates pitchers to engage in high-intensity
velocity enhancement training [7-9]. Collegiate recruiting programs are following suit
to motivate athletes to increase their throwing arm speed with “run and gun” deliveries
without attention paid to accuracy, as athletes typically deliver the ball into a net or wall. It
is believed that increasing arm speed with no emphasis on targeted throwing can alter the
speed—accuracy trade off in commanding pitches; this can lead to greater accumulation of
maximum effort pitches thrown, which can lead to more baserunners on base and reduce
pitching success. Further, with increased pitch accumulation at maximum intent, pitchers
elevate injury risk associated with overuse. This can be substantiated by previous research
performed on velocity enhancement training, which showed 25% of the sample population
terminated the study due to throwing arm injury [9].

Because of the injury risks associated with overuse at maximum throwing intensity, the
need to improve the speed—accuracy trade off and the effect of velocity by altering speeds
and added deception is warranted to improve not only performance, but also health, among
competitive pitchers. Improved core function can improve consistency in the delivery, along
with increased FB and CH pitching velocity and speed differentials, rotational deceleration,
and co-contraction to stabilize the proximal body [10]. Elevated rotational trunk velocities
have been shown to increase throwing velocity, while maintaining trunk position in the
lateral plane can influence the medial release point position [11-13]. When the rotational
control of the trunk impacts momentum exchange in combination with greater trunk
lean, greater losses can be seen in functional forearm strength, which can lead to a loss of
dynamic stability for the medial elbow, thereby raising Tommy John Surgery risks [6,12,14].

One way to improve trunk control is with more responsive core engagement, as
seen through dynamic neuromuscular stabilization training, which is intimately tied to
intra-abdominal pressure (IAP), to improve energy transfer, proximal stability, and distal
segment joint power [10]. In connection with the positive performance contribution made
by increased IAP, which can amplify throwing arm power and command and lessen
medial elbow torque and forearm strength loss, a novel baseball belt has been innovated to
heighten such effects in competition. The noted improvement in this case study shows that
the IAP can offer a safe alternative to weighted ball training, raise the competitiveness and
durability for baseball pitchers, and reduce the associated risks, e.g., current epidemiologic
findings state that 5% of all pitchers will experience a throwing arm surgery [15]. High
pitch totals can lead to overuse risk. A clear gap in the literature exists as it relates to
the speed—accuracy tradeoff influenced by increased IAP and proximal core control that
forms the basis of this case study. Therefore, the purpose of this study was to examine the
pitching velocity, deception, and command impacts of wearing a baseball belt designed
to increase IAP among high-level pitchers. It was hypothesized that improved dynamic
stability offered through a baseball belt designed to raise IAP will increase fastball and
change-up velocity, and increase the speed differential between pitches, while heightening
accuracy, versus traditional belt wear in baseball.

2. Methods

Thirteen collegiate pitchers (height; 1.86 + 0.06 m, weight; 88.5 &+ 8.31 kg, age;
20.6 & 1.39 years) signed an informed consent form to participate in this research study,
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which was approved by the Institutional Review Board at Arizona Christian University
(IRB 21CFR56.108).

Pitchers went through a standardized lower-body dynamic warm-up routine before
performing a self-selected throwing warm-up to ready the arm for competitive effort.
Bullpens designed to encourage effort in competitive play were fully randomized across
three conditions, with two conditions involving a specialized IAP belt (Core Technology Inc,
Avon, OH, USA): (1) pitchers wearing their regular belt (REGB), (2) pitchers wearing the
specialized IAP belt at regular belt length (IAPB), and (3) pitchers wearing the specialized
IAP belt with a 2-inch cinch (IAP2) to create a maximum restraint. The IAP belt used in
this study was interwoven and stretch-resistant, maintaining a 5 mm thickness compared
to typical baseball belts, which are 1 mm in thickness. Both IAP and regular belts are worn
across the waistline and can accommodate a variety of waist circumferences. Belts are
secured by belt loops in baseball pants. However, the IAP is cut to the proximal body
specification of the athlete by first measuring the athlete’s waist circumference while in
baseball pants to maintain the integrity and thickness of the belt in supporting the core
region. The individual size specification promotes greater support when wearing baseball
pants in raising IAP through co-contraction of the proximal muscles; this co-contraction
can be elevated with cinching. In total, pitchers threw 159 pitches, including pre-inning
warm-up pitches, spanning three bullpen sessions of 40 pitches that involved two innings
of 20 pitches thrown in a sequence of 2 fastballs to 1 change up. Intermittent rest periods
between pitches were set at 15 s, with a 5 min break between innings. To encourage high-
level effort and competitive pressure, a handheld radar gun unit (Santa Rosa, CA, USA),
capable of capturing velocities up to 130 mph, was integrated with an LED screen, which
provided visual encouragement to throw at maximum intensity (Pocket Radar, Santa Rosa,
CA, USA). A professional catcher indicated balls and strikes, which were confirmed on
each pitch by the Principal Investigator prior to being analyzed. A minimum of 72 h rest
was provided between bullpen sessions. Figure 1 illustrates the testing conditions for each
simulated bullpen.

Figure 1. Visuals of equipment and set-up for game-simulated bullpensA regulation bullpen complete
with an indoor mound was integrated in this study. A portable radar gun tethered to a LED screen
captured pitching velocities, while a professional catcher determined balls and strikes, which were
confirmed by the Principal Investigator for analyses.
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Performance Analyses

Following testing sessions, all velocity and command data were manually entered into
a spreadsheet to evaluate subject-specific analyses for performance tendencies in fastball
and change-up velocities, command, and deception, which was calculated as the velocity
difference between fastballs and change-up pitches. Data were aggregated in CSV format
in Microsoft Excel (Redmond, WA, USA) and evaluated for subject-specific performance,
as determined by the percentage of subjects experiencing benefit with the IAP belt.

3. Results

The exploratory case study revealed a positive individual effect on throwing arm
strength when examining subject-specific responses, which can be seen in Tables 1-5.
Each table represents the performance data associated with each belt condition and the
percentage of athletes who had seen performance enhancement with use of the IAP belt.

Table 1. Subject-specific data indicating fastball velocity differences between belt conditions.

REGB IAPB IAP2
Player ID Avg (MPH) (1\‘2‘1;%) Avg (MPH)

1 86.7 87.4 87.7
2 75.7 747 755
3 79.3 78.3 78.1
4 85.4 85.5 83.3
5 84.3 84.1 86.1
6 81.0 80.1 80.4
7 85.5 85.2 84.1
8 76.7 78.6 77.1
9 81.6 81.7 80.8
10 84.0 82.8 82.9
1 84.0 84.1 84.5
12 84.4 83.7 82.1
13 85.1 847 85.3

Table 2. Subject-specific data indicating change-up velocity differences between belt conditions.

REGB IAPB IAP2
Player ID Avg (MPH) (1\‘2‘1;%) Avg (MPH)

1 80.8 79.5 80.6
2 69.1 67.6 69.0
3 70.4 70.8 68.8
4 77.3 76.7 75.2
5 73.1 742 74.8
6 71.4 70.8 70.7
7 743 75.2 749
8 70.8 73.3 72.0
9 74.0 74.1 74.2
10 734 73.1 73.9
1 74.0 73.9 72.8
12 79.6 78.1 77.8
13 81.0 81.8 82.2
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Table 3. Subject-specific data indicating fastball command differences between belt conditions.

REGB IAPB IAP2
Player ID Avg (K%) (ﬁ‘i/f) Avg (K%)

1 66.7 69.2 68.0
2 68.0 66.7 385
3 55.6 5.6 63.0
4 63.0 51.9 66.7
5 61.5 73.1 51.9
6 59.3 5.6 5.6
7 48.1 59.3 74.1
8 63.0 63.0 59.3
9 77.8 88.9 63.0
10 84.6 815 66.7
11 74.1 59.3 407
12 385 57.7 444
13 70.4 63.0 66.7

Table 4. Subject-specific change-up command differences between belt conditions.

IAPB

REGB IAP2
PlaYer ID AVg (K%) (ﬁ‘;/%) AVg (K%)

1 50.0 23.1 33.3
2 46.2 46.2 41.7
3 46.2 23.1 30.8
4 30.8 46.2 76.9
5 30.8 38.5 46.2
6 61.5 23.1 61.5
7 84.6 46.2 61.5
8 53.8 38.5 53.8
9 61.5 69.2 30.8
10 53.8 76.9 53.8
11 38.5 38.5 69.2
12 38.5 53.8 38.5
13 30.8 46.2 38.5

Table 5. Subject-specific differences in fastball-change velocity ranges between belt conditions.

Player ID REGB IAPB IAP2
Avg (MPH A) Avg (MPH A) Avg (MPH A)

1 5.9 7.9 7.1
2 6.6 7.1 6.5
3 8.9 7.5 9.3
4 8.1 8.8 8.1
5 11.2 9.9 11.3
6 9.6 9.3 9.7
7 11.2 10.0 9.2
8 5.9 5.3 5.1
9 7.6 7.6 6.6
10 10.6 9.7 9.0
11 10.0 10.2 11.7
12 48 5.6 43
13 41 2.9 3.1

Maximum fastball velocity for each subject in association with each belt condition.
Bolded numbers indicate subjects” highest average velocity values across belt conditions.
As shown, approximately 54% of subjects indicated greater fastball velocity using an intra-
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abdominal pressure belt, yet parametric statistics did not show statistically significant
findings in relation to overall group means due to the case study sample being under-
powered. Belt groups: Regular IAP Belt; IAPB, 2-Inch Cinch IAP Belt; IAP2, and Regular
Belt; REGB.

Maximum change-up velocity for each subject in association with each belt condition.
Bolded numbers indicate subjects” highest average velocity values across belt conditions.
As shown, approximately 54% of subjects indicated greater change-up velocity using an
intra-abdominal pressure belt, yet parametric statistics did not show statistically significant
findings in relation to overall group means due to the case study sample being under-
powered. Belt groups: Regular IAP Belt; IAPB, 2-Inch Cinch IAP Belt; IAP2, and Regular
Belt; REGB.

Average fastball command for each subject in association with each belt condition.
Bolded numbers indicate subjects” highest average strike-throwing percentages (K%) across
belt conditions. As shown, approximately 62% of subjects indicated greater fastball com-
mand using an intra-abdominal pressure belt, yet parametric statistics did not show statis-
tically significant findings in relation to overall group means due to the case study sample
being under-powered. Belt groups: Regular IAP Belt; IAPB, 2-Inch Cinch IAP Belt; IAP2,
and Regular Belt; REGB.

Average change-up command for each subject in association with each belt condition.
Bolded numbers indicate subjects” highest average strike-throwing percentages (K%) across
belt conditions. As shown, approximately 70% of subjects indicated greater fastball com-
mand (two excluded due to ties) using an intra-abdominal pressure belt, yet parametric
statistics did not show statistically significant findings in relation to overall group means
due to the case study sample being under-powered. Belt groups: Regular IAP Belt; IAPB,
2-Inch Cinch IAP Belt; IAP2, and Regular Belt; REGB

Average velocity differences between fastball and change-up pitches for each subject
in association with each belt condition. Bolded numbers indicate subjects” highest level
of deception as determined by greater average velocity differences (MPH A) across belt
conditions. As shown, approximately 70% of subjects demonstrated greater deception,
indicated by greater velocity differences between the fastball and change-up using an
intra-abdominal pressure belt, yet parametric statistics did not show statistically significant
findings in relation to overall group means due to the case study sample being under-
powered. Belt groups: Regular IAP Belt; IAPB, 2-Inch Cinch IAP Belt; IAP2, and Regular
Belt; REGB

4. Discussion

Baseball high-performance training has a spectrum of approaches for evaluating
risk and rewards. As this relates to velocity enhancement training, several studies have
indicated the increased loading risks associated with maximume-effort throwing, running
at high speed, blocking the lead leg, and throwing as hard as possible into a wall or
net [8,9,16]. Risk multiplies when throwing balls that are underweight, as throwing arm
acceleration increases, and with larger players, the force potential can be greater than what
they experience when pitching on a mound [8].

Major League Baseball has written numerous articles on the injury risks associated
with the inception of the pitch clock, yet a consensus has been voiced by the readership
and athletes alike that velocity enhancement training and the desire to throw at more
than 100 mph are the culprits [17,18]. The conundrum of increased throwing-velocity
performance with paralleled risk requires innovation in delivering methods and products
to simultaneously maximize performance and health.

In this study, an IAP belt was introduced as a potential tool to raise and maintain
velocity, establish more consistency, and add deception by establishing large differences in
pitching speeds between pitchers’ fastballs and change-ups. Our hypothesis was supported
on a subject-specific level, as this case study presented greater benefits to velocity, command,
and deception attributed to IAP belt use on a subject-specific level. One main postulate
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is that with increased IAP, the majority of pitchers were able to execute greater dynamic
neuromuscular control to brace the lead leg, maintain trunk position, and sustain high
throwing arm accelerations.

Dynamic neuromuscular control involves the execution of co-contracted bracing
strategies in sport, and requires activating the diaphragm, intrinsic core musculature, and
paraspinal muscle groups at the same time as increasing IAP in the abdominal cavity [10].
This coordinated bracing contraction adds to spinal column stiffness through rotation
and is further augmented by compression of the stomach, an internal bladder, being held
against the spine [10]. When it comes to trunk control, contralateral fascial lines are highly
important for rotational athletes, as muscles and fascia are aligned in an “X” pattern
and have been likened to a serape, an indigenous scarf that wraps around the body and
forms a figure-eight pattern [19]. In essence, to increase rotational speed of the trunk, the
athlete must optimize stretch-shortening responses between the lead hip and throwing
shoulder [19]. Hip—shoulder separation between these two anatomical points is highly
impacted by lead leg bracing and the rhomboids and posterior muscles of the throwing
shoulder, as energy is transferred from the pelvis bi-directionally, going upward into the
trunk and downward into the lead leg [19,20]. During the turn and to the terminal end-
point of ball release, intra-abdominal pressure develops and rises sharply to the point of
the highest shoulder compressive loads just after the ball leaves the hands, and therefore,
athletes who can sustain highly responsive proximal bracing are likely to achieve consistent
lower-body kinematics and ground reaction force applications, and reduce overloading the
shoulder in its most vulnerable position at release [10,21].

Throwing athletes who have better dynamic stability tend to throw harder in overhand
sport and are healthier [22]. This has been demonstrated in pitchers who display unilateral
hip and lower-limb strength, an intersegmental interaction that is linked to athletes” proxi-
mal bracing capability [22-25]. As an analogy, a dynamic bracing strategy for the proximal
chain in the pitching delivery is like cracking a whip. Intersegmental energy transfer hits
an abrupt stopping point to generate as much speed as possible to the endpoint of the
whip, which is analogous to the throwing hand in the kinetic chain [26]. Heightened IAP
accelerates the whiplike action of throwing through optimizing momentum exchanges and
maximizes the potential of the stretch-shortening cycle between maximum hip-shoulder
separation between the lead hip and throwing shoulder [19,27,28]. As a result, it is possible
to achieve higher throwing velocities with better trunk stability, and pitchers who maintain
trunk positions that allow the shoulder to maintain a consistent release point can minimize
elevations in elbow varus torque, a measure of medial elbow loading that can increase
ulnar collateral ligament stress [12-14,22,29].

The theoretical mechanism for the IAP belt involved in this study is that the design
furthers the bracing capacity for the athlete by providing a retaining wall for muscles
to push into while the belt pushes back on the muscles to heighten the IAP. In a sense,
this interaction between the external support of the IAP belt and intrinsic muscles is like
wearing a powerlifting weight belt. Long-term health benefits arising from heightened
IAP in powerlifting creates a potential parallel for IAP baseball belts, as powerlifters have
been shown to have greater muscular power with minimal elevations in neuromuscular
recruitment effort in barbell squatting [30]. Perhaps similar neuromuscular recruitment
efficiency can be seen in rotational athletes such as baseball pitchers and hitters, thereby
reducing overuse injury risks from managing muscular fatigue in the core region of the
body, by maintaining paraspinal and oblique activation with gains in explosive rotational
power [30]. As an extreme, the IAP belt was cinched two inches shorter than the pitchers’
regular belt length and may have better regulated muscular recruitment efforts in stabilizing
the proximal body to produce high velocities.

From the subject-specific data, the majority of pitchers in this study benefited from
an IAP baseball belt versus their typical belt. The IAP belt allowed them to throw both
their fastballs and change-ups at higher velocities, throw all pitches more accurately, and
increase the velocity range between the fastball and change-up, which collectively would
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alter hitters’ timing in recognizing pitches and coordinating a high-impact swing. Future
work is needed to determine how altered bi-directional energy transfer in bracing from the
pelvis, a direct result of less effective proximal stiffness, has the potential to be improved
with a baseball belt designed to raise IAP. It was found that both extreme tightening and
the regular belt length with the IAP belt provided individual benefits. Future work should
emphasize a larger sample size and explore each individual belt setting to determine an
optimum for IAP that aims to achieve improved subject-specific responses across velocity,
command, and deception, as well as biomechanics looking at power dynamics.

5. Limitations

On a subject-specific level, this study indicated velocity, command, and deception
benefits of wearing a specialized baseball belt designed to increase IAP. However, one must
consider a few important limitations of this work in the interpretation of this case study’s
results. This case study was exploratory in nature, as this work was the first to explore an
IAP apparatus that is functional in competitive settings and lacked the statistical power to
determine the main effects between conditions. Future work should consider a larger-scale
statistically powered investigation that can look at incremental changes in IAP through
an incremental design, with the belt worn over multiple simulated bullpens to evaluate
sustainable performance (minimal losses in velocity, command, and deception).

Outside covariates also proposed challenges in arriving at statistically significant
group mean differences. Future research endeavors should incorporate controlled training
regimens for athletes to mitigate the confounding effects of variable training schedules on
the study outcomes. As a result, athletes in this study had varying workload and training
schedules, which could have either undertrained or overtrained the athlete leading into the
competitive bullpen simulations. A more stringent research design could have controlled
for these confounders if implemented outside of the scholastic year, as athletes have greater
control of their training and throwing programming. The study design did its best to
encourage adrenaline; however, like other laboratory studies, the absence of real game
conditions may have lowered contractile effort and could have produced differing results
in actual game play. Given the stated limitations, this case study created a new avenue
to evaluate velocity enhancement approaches that stabilize the speed—accuracy trade off
(as speed increases, accuracy decreases) without the injury risks associated with throwing
weighted baseballs to increase throwing arm acceleration and range of motion. As a result,
increasing IAP in the pitching delivery with a specialized belt provides an opportunity to
study a player-development technology that increases both performance and durability
for competitive pitchers. Lastly, it is advisable to undertake long-term tracking studies to
evaluate the prolonged use of the IAP belt and its effects on both the performance and
health over extended periods to ensure longstanding efficacy for baseball players.

6. Conclusions

This exploratory case study found that a greater percentage of subjects wearing the
intra-abdominal pressure belt saw an increase in throwing velocity, accuracy, and deception
in bullpens that simulated competition. With further research, incremental tightening of the
intra-abdominal pressure belt could identify optimal settings for each player to improve
core engagement and proximal stiffness, with improved statistical performance.
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Abstract: Background: Pickleball is an exponentially growing sport with a lack of notation-based
studies. Consequently, this research aimed to conduct a match analysis in men’s singles to enhance
the understanding of the game and optimize training practices. Methods: Using observational
methodology, a total of 1145 points were analyzed from the semifinal and final rounds of five
Professional Pickleball Association Tour tournaments. Data were recorded with LINCE PLUS V.2.1.0
software using the OI-PICKLEBALL-S23 observational instrument. Descriptive statistical analyses
were conducted with IBM-SPSS version 25.0, and gameplay patterns were detected using Theme
6.0 Edu. Statistical significance was set at p < 0.05. Results: The data indicated that service faults
at the start of the game were minimal (2.4%). The server won fewer points than the returner in the
overall set of analyzed points (46.6%). Most points were concluded in short rallies (14 shots; 43%) or
medium-length rallies (5-8 shots; 44%), with the final shot predominantly occurring from striking
zone 2, the area closest to the non-volley line (50.7%). Ground strokes (55.1%) and volleys (38.4%)
were the most common final shots. Conclusions: The insights gained from this study can benefit
high-performance players and coaches and provide a foundation for future notation-based research
in pickleball.

Keywords: performance analysis; key performance indicators; match analysis; paddle sports

1. Introduction

Pickleball, a relatively new sport in the realm of racket sports, has experienced expo-
nential growth since its creation in 1965 [1]. Conceived on Bainbridge Island, Washington,
by Joel Pritchard, Bill Bell, and Barney McCallum, this sport merges elements of tennis,
badminton, and table tennis. Initially designed as a recreational family activity, pickleball
has significantly evolved, becoming a competitive sport with a growing global commu-
nity [2]. Its popularity has particularly surged in the United States, where millions of
people play it both recreationally and competitively [3]. This expansion has led the sport to
other countries, consolidating its presence in various regions around the world. Its growth
is partly attributed to the sport’s dynamics, including its ease of technical learning due
to the dimensions of the playing area and equipment, its strong social nature, affordable
access for all, less demanding technical requirements compared to other sports, as well as
physical demands that can be adapted to different ages and fitness levels [4].

Despite this rapid expansion and growing global acceptance, scientific research on
pickleball has been limited to date. Most of the available publications have primarily
focused on aspects related to health and leisure, especially highlighting the positive impact
of the sport on older adults [5]. These studies have emphasized the physical and mental
benefits associated with regular pickleball practice, such as improvements in coordination,
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balance, agility, and psychological well-being, particularly in older individuals [1,6,7].
Topics related to injuries [8,9] and the inclusion of pickleball as an alternative sport in
physical education classes [10,11] have also been addressed. However, while these findings
are valuable, they have left a significant gap in terms of notational analysis and competi-
tive performance optimization, which are critical areas for the development of advanced
training and gameplay strategies.

In contrast, sports like tennis and padel have been the subject of a wide range of nota-
tional studies that have allowed for a deep understanding of their game dynamics [12-17].
These studies have provided key data on service effectiveness, rally length, finishing zones,
and other critical aspects of the game, which have enabled coaches and players to continu-
ously improve their strategic approaches [18,19]. Even other racket sports, such as table
tennis and badminton, though to a lesser extent, have been the subject of detailed analyses
that have contributed to the evolution of their respective training and game tactics [20-23].
In the case of tennis, for example, it has been extensively documented how court surface
influences rally dynamics and service success probability, guiding the development of
specific strategies for each type of court [24,25].

Despite the similarities pickleball shares with these sports, the lack of exhaustive
notational analysis has so far limited the understanding of its specific characteristics and
the ability to systematically enhance performance. This highlights the need for research
focused on unraveling the specific dynamics of pickleball, both in singles and doubles, to
establish training strategies that optimize performance in competitive contexts.

This study aims to fill this research gap by conducting a detailed notational analysis
of this sport, with the objective of generating precise and relevant data to guide high-
performance training. Through this investigation, the goal is to establish a solid knowledge
base on key game variables, such as rally length, common ending points, and shot directions
that lead to winners or unforced errors. Additionally, the most characteristic playing
patterns for winning points are identified, distinguishing between the server and the
returner. This will enable a better understanding of game dynamics and help optimize
training strategies. These data will provide a framework for continuous improvement in
player preparation, something that has been challenging in the field of pickleball due to the
scarcity of research.

Therefore, this study not only seeks to fill this knowledge gap but also aims to lay
the groundwork for future research that continues to develop the competitive potential of
pickleball. For all these reasons, the objective of this research is to analyze singles play in
men’s pickleball, identifying patterns of effectiveness based on rally type and the role of
the server/returner. This study aims to offer a deeper understanding of the game, provide
useful insights for optimizing training, and set a precedent for future investigations.

2. Methods
2.1. Design

This observational study aims to analyze the structure of play in men’s singles pickle-
ball. To achieve this, the observational methodology was utilized [26].

The observational design [27] employed is nomothetic, as it encompasses all points
contested in the semifinals and finals during the 2023 season across five tournaments of the
Professional Pickleball Association (PPA) Pro Tour of Pickleball (https://www.ppatour.co
m/ (accessed on 15 September 2023)) Additionally, the design is longitudinal (covering an
entire season) and unidimensional (as the analysis does not account for the concurrency of
behaviors).

2.2. Sample

The unit of analysis in this study was the points played in the observed pickleball
matches. Specifically, five individual tournaments were analyzed (Las Vegas, Cincinnati,
Kansas, Seattle, and Denver), resulting in the observation of 15 matches and a total sample
of 1145 points. The selected tournaments represent the highest competitive level in this
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sport, bringing together only professional players from various countries around the world.
The participants in this study were the players who reached at least the semifinal round
in one of the five analyzed pickleball tournaments. Since this is an observational study
conducted in a natural setting, using publicly available videos and not involving any
form of experimentation, informed consent from the competitors was not required [28].
The study was approved by the Ethics Committee of the Faculty of Education and Sport
Sciences (University of Vigo, application 07-280722).

2.3. Instruments

The observation instrument used was the OI-PICKLEBALL-523 (observational instru-
ment for analyzing pickleball during the 2023 season), a system of categories designed ad
hoc to consider the various playing possibilities in pickleball. This instrument is based on
tools previously developed for similar objectives in the field of tennis [18,19]. After design-
ing and testing the observation instrument, its construct validity was assessed through its
alignment with the theoretical framework [29] and through consultation with three experts
in racket and/or paddle sports and observational methodology. The experts showed an
agreement level with the instrument exceeding 95%.

The OI-PICKLEBALL-523 consists of seven criteria that form a system of categories
(see Table 1 and Figure 1) which meets the conditions of exhaustiveness and mutual
exclusivity. Data recording was conducted using LINCE PLUS software, version 2.1.0 [30].

Table 1. Observational instrument OI-PICKLEBALL-523.

Criteria Code Description
. FS First service

Service SF Service fault
SH Short rally (1-4 shots).

ftiglz;ilf(t)igt}elz; V€MD Medium rally (5-8 shots).
LN Long rally (9+ shots).
SZ1 Non-volley zone

Strike zone S72 Mid-court zone . . .

(see Figure 1) S73 Back court zone, including the baseline
S74 Deep court zone, behind the baseline
SZ Service zone
FZ1 Left front zone
F72 Right front zone
FZ3 Left mid-court zone

Finish zone Fz4 Right mid-court zone

(see Figure 1) FZ5 Left back court zone
FZ6 Right back court zone
NT Net shot
OouT Shot out

. SW The point is won by the server

Winner RW The point is won by the returner
SWW Server wins with a winner or a forced error

Point ending SWUE Server wins with an unforced error by the opponent
RWW Receiver wins with a winner or a forced error
RWUE Receiver wins with an unforced error by the opponent
ACE Direct serve
FH Forehand

. BH Backhand

I FHV Forehand volley
BHV Backhand volley
SM Smash
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Table 1. Cont.

Criteria Code Description
LB Lob
Final strok DS Drop shot
inal stroke SC Change of service due to an error in the service
oT Other type of stroke
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Figure 1. Court striking zones and finishing zones.

2.4. Procedure

Data collection was carried out by searching for, downloading, and viewing all the
semifinals and finals of the five tournaments selected for the study. The videos, recorded in
1080p resolution (1920 x 1080), were analyzed on 27-inch monitors. Before conducting the
data quality tests, which were performed by two experts in pickleball and observational
methodology, specific training on the use of the observation instrument was provided. This
training involved familiarization with the observation instrument and the LINCE PLUS
recording software, version 2.1.0, through nine two-hour sessions over three weeks, using
videos of men’s pickleball matches from the 2022 season. The two expert observers are
university professors with experience teaching in a research master’s program, where they
deliver a module on observational methodology in sports science. Both have numerous
scientific publications on racket and paddle sports. Additionally, one of them is certified as
a pickleball coach.

To ensure rigor in the data recording process [31], data quality was monitored by
calculating intra-observer and inter-observer agreement using the Kappa coefficient [32],
with the LINCE PLUS software, version 2.1.0. Both agreements were calculated on points
that were not part of the final sample (n = 200; 1/10 of the final sample). The intra-observer
Kappa was 0.96 for the first observer and 0.99 for the second, while the inter-observer
Kappa was 0.98 (see Table 2). After the data quality tests, the second observer analyzed all
the points in the study sample. Once all points were recorded, an Excel file was generated
with the sequence of actions that occurred in each analyzed point. The versatility of this
Excel file allowed for automatic transfer of the information to a file compatible with IBM-
SPSS version 25 and THEME version 6 Edu, the software used for the various statistical
analyses in the study.
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Table 2. Degree of reliability of the study.

Criteria Intra-Kappa Intra-Kappa Inter-Kappa
Obs1-Obs1 Obs2-Obs2 Obs1-Obs2

Service 1 1 1

Rally length 0.98 0.99 0.98

Strike zone 0.96 0.97 0.96

Finish zone 0.97 0.99 0.98

Winner 0.99 0.99 0.97

Point ending 0.97 0.97 0.96

Final stroke 0.96 0.99 0.96

Mean reliability 0.98 0.99 0.97

2.5. Data Analysis

All descriptive statistical analyses were conducted using the Statistical Package for
the Social Sciences version 25.0 (IBM-SPSS Inc., Chicago, IL, USA). Statistical significance
was assumed for p < 0.05.

A descriptive analysis of the study variables was performed. The x? test was used
to assess differences within the categories of each employed criterion (x? goodness-of-fit
test). Additionally, this same test was applied, using crosstabs, to identify differences
between the point-winning criterion and the method of winning the point with respect
to the other analyzed variables (x? test of independence). Furthermore, the effect size
was calculated using Cramér’s V to assess the strength of the associations observed, with
the following interpretation: 0.00-0.10: very weak, 0.10-0.20: weak, 0.20-0.30: moderate,
0.30-0.40: relatively strong, 0.40-0.50: strong, and 0.50 or more: very strong. An analysis of
adjusted residuals was also conducted to highlight significant deviations from the expected
frequencies, providing further insight into the relationships between variables.

To identify playing patterns in pickleball, we utilized THEME 6 Edu software [33], a
specialized statistical analysis tool designed for detecting temporal patterns in sequential
data. Widely used in fields such as psychology, ethology, and sports analysis, THEME
excels in identifying T-patterns—recurring temporal and/or sequential patterns that may
not be immediately apparent. Its ability to analyze large data sets and detect patterns
that do not follow rigid sequences makes it particularly valuable for studying complex or
dynamic behaviors. T-pattern detection identifies recurrent patterns of behavioral events
within a temporal sequence, based on statistical probabilities [34]. While THEME's primary
strength lies in detecting temporal patterns, it also facilitates the identification of sequential
structures through its order parameter function, adding depth to the analysis of behavioral
and tactical dynamics. The following search criteria were applied: (a) the presence of
at least three T-patterns in the observed sequence set; (b) a 90% redundancy reduction
adjustment for similar T-pattern occurrences; and (c) a significance level of 0.005.

3. Results
Descriptive Analysis

Table 3 presents a descriptive analysis of the study, including the x? goodness-of-
fit test.

Significant statistical differences were found in the x? test for each of the criteria
analyzed.

In general terms, the start of the point predominantly occurred without a service fault
(nearly 98%) and was followed by a medium-length rally (44%), although short rallies
were also common (43%). It was more common for the returner to win the point (53%).
Points mostly ended due to an unforced error (58%), with the server making the error
more frequently (32.9%). In more than half of the points played (51%), the final shot was
executed from striking zone 2. More than half of the final shots were hit out or into the
net (58%). Winners were typically directed to finishing zone 4 (11%) or finishing zone 6
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(9%). The most common final shot was a forehand (34%), followed by a backhand (22%),
although numerous volleys were also observed (18% forehand and 21% backhand).

Table 3. Descriptive analysis of the investigation.

Criteria Code =n % x2 Test Criteria Code =n % x2 Test
Sorvi FS 1118 97.6 X% =1039.547 Wi RW 611 53.4 x%=5.178
ervice SF 27 24 p <0.001 mner SW 534 466  p<0.023
LN 145 12.7 X% =220.215 RWUE 377 32.9 X% =44.921

Rally length MD 504 44.0 p <0.001
SH 496 43.3

RWW 234 20.4 p <0.001

Point ending SWUE 291 25.4

Sz1 12 1.0 x> =944.716 SWW 243 21.2
, sz2 581 507  p<0.001 ACE 1 0.1 X% = 1608.860

Strikezone 73 218 19,0 BH 248 217  p<0.001
SZ4 304 266 BHV 203 177
sz 30 26 DS 7 0.6
NT 316 27.6 x> =739.583 FH 394 34.4
OUT 348 304  p<0.001 Finalstroke ~ FHV 237 207
FZ1 27 2.4 LB 6 0.5

. FZ2 20 17 or 4 03

Finishzone = p73 199 95 sC 29 25
Fz4 126 110 SM 16 14
FZ5 93 8.1

Fz6 106 9.3

On the other hand, significant differences (x? = 38.200; p = 0.000) were observed
when comparing the data concerning rally length based on the point winner (whether the
server or the receiver wins the point). The effect size test indicated that the relationship
was weak (V = 0.183). As shown in Figure 2a, the analysis of adjusted residuals reveals
distinct patterns in point winning across different rally lengths. In short rallies (SH), servers
won significantly more points than expected, with an adjusted residual of 6.2, indicating
that this type of rally favors the server. Conversely, in medium rallies (MD), receivers
gained more points than expected, reflected by an adjusted residual of 4.9, highlighting
a significant advantage for them. In long rallies (LN), although receivers also won more
points than anticipated, with an adjusted residual of 1.9, these differences did not reach
statistical significance.

When crossing the variable point ending with rally length (Figure 2b), statistically
significant differences are again observed (x? = 106.774; p = 0.000). The effect size test
indicated that the relationship was moderate (V = 0.216). In short rallies (SH), it was
observed that servers predominantly won due to unforced errors by the opponent (SWUE),
with an adjusted residual of 8.8. Overall, unforced errors (SWUE and RWUE) were more
common than winners (SWW and RWW). In medium rallies (MD), the receiver won a
greater number of points, primarily due to unforced errors (RWUE, with an adjusted
residual of 0.8), but especially through winners (RWW), which had an adjusted residual of
5.6, showing a notable increase compared to short rallies. It is noteworthy that the server’s
unforced error (SWUE), which was the most recorded value in short rallies, became the least
frequent in medium rallies, while the receiver’s winners (RWW) increased. In long rallies
(LN), a trend similar to that of medium rallies was maintained, though with a decrease in
the number of recorded points.

When analyzing the data between winner/point ending and striking zones
(Figure 2c,d), statistically significant differences were observed (x*> = 31.696; p = 0.000
and x? = 437.636; p = 0.000, respectively). The effect size test indicated that the relationship
was weak (V = 0.166) in the first case (none of the adjusted residuals exceeded the critical
value of £1.96) and relatively strong in the second (V = 0.357). Points won from striking
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zone 2, both on serve and return, were particularly noteworthy. From this mid-court zone,
returners frequently won points with winners, while servers often benefitted from their
opponents’ unforced errors. In striking zones 3 (baseline area) and 4 (beyond the baseline),
most points won by the returner resulted from unforced errors, whereas the server achieved
numerous winners.

Relationship between winner and service (a) Relationship between point ending and rally (b)
£ £
] 73 mSWW
= =
< ™MD ‘ mswW 2 MD E W SWUE
2 =
© = RW T = RWW
o -4
Winner m RWUE
LN ‘ LN = Point ending
0 100 200 300 400 0 50 100 150 200
Count Count
Relationship between winner and strike zone (c) Relationship between point ending and strike zone (d)
1
SZ mm S7
20— s7¢ [—
[+
2 < mSWW
g N
0 573 I — mSW 0578 i W SWUE
= =
= T
5 7o I, " d e Ie——— |
sz2 Winner s22 m RWUE
Point ending
sz1 sz1 |,
0 100 200 300 400 0 50 100 150 200 250
Count Count

Figure 2. Relationship between research criteria (winner and service (a); point ending and rally
length (b); winner and strike zone (c); point ending and strike zone (d). Note: SH: short rally, MD:
medium rally, LN: long rally; SW: server wins, RW: receiver wins; SWW: server wins with a winner
or a forced error, SWUE: server wins with an unforced error by the opponent, RWW: receiver wins
with a winner or a forced error, RWUE: receiver wins with an unforced error by the opponent; SZ1:
non-volley zone, SZ2: mid-court striking zone; SZ3: back court striking zone, including the baseline,
SZ4: deep court striking zone, behind the baseline, SZ: service zone.

The analysis of the adjusted residuals reveals that striking zone 2 (5Z2) is crucial in
scoring points during the match, particularly highlighting the winners from the receiver,
which presented an adjusted residual of 14.8, as well as the errors from the receiver, with a
residual of 4.9. This suggests that the receiver has a notable advantage in controlling the
game in this zone. In striking zone 3 (5Z3), the server’s errors were significantly higher
than expected, with an adjusted residual of 8.4, while the winners from the receiver were
less frequent, showing a residual of —7.4. This indicates that, although SZ3 favors the
server, this advantage is primarily due to errors from the receiver rather than winning shots
(6.0). On the other hand, in striking zone 4 (SZ4), both the server’s errors (residual of 5.8)
and the receiver’s errors (residual of 3.0) exceeded expectations, while the winners from
the receiver were significantly lower than expected, with an adjusted residual of —9.0.

Table 4 presents an analysis of play patterns that illustrates how points were concluded,
taking into account the type of rally, the zone from which the final shot was executed, and
the point ending.

The analysis reveals that, in short rallies, points were predominantly resolved with
shots from striking zone 2 or striking zone 4. From striking zone 2, where the receiver
was positioned in most cases, 67.1% of the points resulted in unforced errors and 33.7%
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resulted in winners by that player. When the final shot came from striking zone 4, unforced
errors were predominant for both the server and the receiver. In cases where a winner was
recorded, it generally belonged to the server.

Table 4. Descriptive analysis of play patterns.

Play Pattern SZ2 n % Play Pattern SZ3 n % Play Pattern SZ4 n %
SH 464 100

SH-572 140 30.2 SH-573 96 20.7 SH-574 228 49.1
SH-572-SW 96 68.6 SH-SZ3-SW 46 47.9 SH-574-SW 140 61.4
SH-572-SW-SWW 2 14 SH-5Z3-SW-SWW 39 40.6 SH-574-SW-SWW 51 224
SH-S72-SW-SWUE 94 67.1 SH-SZ3-SW-SWUE 7 7.3 SH-SZ4-SW-SWUE 89 39
SH-SZ2-RW 44 314 SH-SZ3-RW 52 54.2 SH-SZ4-RW 88 38.6
SH-SZ2-RW-RWW 43 30.7 SH-SZ3-RW-RWW 0 0 SH-SZ4-RW-RWW 7 3.1
SH-5Z2-RW-RWUE 1 0.7 SH-SZ3-RW-RWUE 52 54.2 SH-5Z4-RW-RWUE 81 35.5
MD 494 100

MD-SZ72 331 67 MD-573 105 21 MD-SZ4 58 12
MD-SZ2-SW 141 42.6 MD-5Z3-SW 38 36.2 MD-5Z4-SW 13 224
MD-SZ2-SW-SWW 69 20.8 MD-SZ3-SW-SWW 36 343 MD-SZ4-SW-SWW 7 12.1
MD-5Z2-SW-SWUE 72 21.7 MD-5Z3-SW-SWUE 2 19 MD-5Z4-SW-SWUE 6 10.3
MD-SZ2-RW 190 57.4 MD-SZ3-RW 67 63.8 MD-5Z4-RW 45 77.6
MD-SZ2-RW-RWW 135 40.7 MD-SZ3-RW-RWW 4 3.8 MD-SZ4-RW-RWW 1 1.7
MD-SZ2-RW-RWUE 55 16.6 MD-SZ3-RW-RWUE 63 60 MD-SZ4-RW-RWUE 44 759

Note: In this analysis, shots ending from striking zone 1 and long rallies have been excluded due to their low
frequency, in order to simplify the data analysis. Note 2: SH: short rally, MD: medium rally; SW: server wins, RW:
receiver wins; SWW: server wins with a winner or a forced error, SWUE: server wins with an unforced error by
the opponent, RWW: receiver wins with a winner or a forced error, RWUE: receiver wins with an unforced error
by the opponent; SZ2: mid-court striking zone; SZ3: back court striking zone, including the baseline, SZ4: deep
court striking zone, behind the baseline.

In medium-length rallies, the final shot was most frequently executed from striking
zone 2 (67%). The majority of points were won by the receiver (57.4%), often through
winners (40.7%, representing 71% of the points won). The server also achieved a sig-
nificant number of winners (21.7%, representing 51% of the points won). From striking
zone 4, points were predominantly won by the receiver due to unforced errors from the
opponent (75.9%).

Table 5 shows the T-pattern analysis carried out for this research. The data include
only first-serve points, excluding those with service faults, and is organized by rally length
and the player who wins the point.

Table 5. T-pattern analysis.

Search Max. T-Pattern L (@) %
FS 1118 100%
(FS (SH S74)) 3 228 486
. (FS(SHSZ2)) 3 140 298
FS-SH 469 42% (B SH) (574 FH)) 4 179 381
(((FS SH) (SZ2 SW)) SWUE) 5 94 20
((FS (SH SW)) (SWW FH)) 5 80 282
((FS (SH NT)) (SW SWUE)) 5 8 30
. ((FS (SHOUT)) (SW SWUE)) 5 105 37.1
FS-SH-SW 283 604% ((((Fs SH) (SZ2 SW)) SWUE) BHV) 6 49 173
(FS ((SH SZ4) (SW (SWUE FH)))) 6 67 236
((FSSH) ((SZ4 OUT) (SW (SWUE FH)))) 7 44 155
((FS (SH RW)) (RWUE FH)) 5 97 521
(FS ((SH NT) (RW (RWUE FH)))) 6 51 274
. (FS((SH OUT) (RW (RWUE FH)))) 6 46 247
FS-SH-RW 186 39.6% (g5 ((SH S74) (RW (RWUE FH)))) 6 61 327
((((FS SH) (SZ2 RW)) RWW) FHV) 6 23 124
((FSSH) ((SZ4 NT) (RW (RWUE FH)))) 7 34 182
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Table 5. Cont.

Search Max. T-Pattern L O %
((FS MD) (SZ2 FHV)) 4 134 265
(FS (MD S72)) 3 331 656
FS-MD 504 451% (FS(MDSZ3)) 3 105 208
(FS (MD BH)) 3 130 258
(FS (MD FH)) 3 123 244
(FS (MD (SW SWW))) 4 113 582
((FS MD) (572 SW)) 4 141 279
((FS MD) (SZ2 (SW SWW))) 5 69 355
((FS MD) (SZ3 (SW SWW)) 5 36 185
FSMD-SW 194  385% ((FSMD) (FZ4 (SW SWW))) 5 38 196
((FS MD) (572 (SW SWUE))) 5 72 371
(((FS MD) (S22 FZ4)) (SW SWW)) 6 26 134
(FS (MD SZ2) (SW (SWW FHV)))) 6 31 159
((FSMD) ((SZ2 FZ4) (SW (SWW FHVY)))) 7 12 62
(FS (MD (RW RWUE))) 4 169 545
((FS MD) (SZ2 RW)) 4 190 613
((FS MD) (5Z2 (RW RWW))) 5 135 435
(FS (MD SZ2) (RW (RWW FHV)))) 6 72 232
. (((FS MD) (SZ2 FZ4)) (RW RWW)) 6 38 122
FSMD-RW 310 615% ((Fs MD) (SZ2 FZ3)) (RW RWW)) 6 31 10
(((FS MD) (SZ2 FZ6)) (RW RWW)) 6 31 10
((FS MD) (573 (RW RWUE))) 5 63 203
((FS (MD RW)) (RWUE BH)) 5 75 241
((FS (MD RW)) (RWUE FH)) 5 61 197
(FS (LN S72)) 3 110 759
FS-LN 145  13%  (FS(LN (S22 BHV))) 4 36 248
(FS (LN (522 FHV))) 4 34 234
((FS LN) (SZ2 SW)) 4 49 859
. (FS (LN (SW SWW)) 4 37 649
FS-LN-SW 57 393% (FSLN) (572 (SW SWW)) 5 31 543
(((FS LN) (SZ2 SW)) (SWW FHV)) 6 14 245
(FS (LN (RW RWUE))) 4 45 511
((FS LN) (572 RW)) 4 61 693
((FS LN) (5Z2 (RW RWW))) 5 42 289
FSIN-RW 88  60.7% ((FSLN)(SZ2 (RW RWW))) 5 4 477
((FS LN) (SZ2 FZ3)) (RW RWW)) 6 14 159
(((FS LN) (SZ2 RW)) (RWW BHV)) 6 16 181
(((FS LN) (SZ2 RW)) (RWW FHV)) 6 13 147

Note: Max refers to the maximum possible frequency of points with this sequence; L indicates the pattern length;
O represents the occurrence of that sequence. Note 2: FS: first service; SH: short rally, MD: medium rally, LN: long
rally; SW: server wins, RW: receiver wins; SWW: server wins with a winner or a forced error, SWUE: server wins
with an unforced error by the opponent, RWW: receiver wins with a winner or a forced error, RWUE: receiver wins
with an unforced error by the opponent; SZ2: mid-court striking zone; SZ3: back court striking zone, including
the baseline, SZ4: deep court striking zone, behind the baseline; FZ3: finishing zone left mid-court zone, FZ4:
finishing zone right mid-court zone, FZ6: finishing zone right back court zone; FH: forehand, BH: backhand, FHV:
forehand volley, BHV: backhand volley; OUT: shot out, NT: net shot.

To facilitate the understanding of a T-pattern, let us take the fifth pattern presented
in the Table 5 as an example: (FS (SH SW)) (SWW FH)). This T-pattern indicates that,
after executing a successful first serve (FS), the server tends to win the point quickly (SW)
in short rallies (SH), finishing with a winner (SWW) through a forehand shot (FH). This
pattern, which spans 5 categories, occurred 80 times, representing 28.2% of the points won
in short rallies by the server, which accounts for 17% of all short rally points and 7% of all
points played. The recurrence of this pattern suggests that the server is very effective in
short-duration points and typically finishes them offensively with their forehand.
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In short rallies, which accounted for 42% of the total points recorded, the server won a
significantly higher percentage of points compared to the returner (60.4% versus 39.6%).
Most of these points were finished from striking zone 4, representing nearly half of the
cases, with a clear predominance of forehand shots (38.1%), often followed by an unforced
error (14% from the returner and 13% from the server). Additionally, a considerable number
of points concluded with a shot from striking zone 2 (29.8%).

Up to 14% of all points in this type of rally were won by the server due to an unforced
error from the returner following a forehand shot from striking zone 4, representing 23.6%
of the points won by the server. Nearly 70% of the points won by the server resulted
from unforced errors by the returner, with most of the winners being achieved through a
forehand shot.

On the other hand, approximately 5% of all points in this type of rally were decided
by a forehand volley winner from the returner, accounting for 33% of the points won by
this player. Additionally, more than half of the points won by the returner (52.1%) were the
result of unforced errors from the opponent via a forehand shot.

In medium-length rallies, which accounted for 45.1% of the points analyzed, the
returner won 61.5% of these points. Notably, 65.6% of these rallies ended with a shot from
striking zone 2, while nearly 20.8% concluded with a shot from striking zone 3. A forehand
volley was the decisive shot in 26.5% of the points, representing 40.5% of all points that
concluded from striking zone 2. The number of points concluded with a forehand and
backhand in this type of rally were relatively similar, accounting for 24.4% and 26.5% of
the points, respectively.

Among the points won by the server, 58.2% were achieved through winners, which
comprised 22.4% of the total points. In contrast, the returner primarily won points due to
unforced errors, accounting for 66.5% of their points won and 33.5% of the total points. The
majority of the server’s winners were executed from striking zone 2 (35.5%), with finishing
zone 4 being a common area for finishing shots. The most frequent winning pattern for
the server involved a shot from striking zone 2 directed toward finishing zone 4, often
concluding with a forehand volley, which represented 6.2% of all points won by the server.

For the returner, it is notable that 43.5% of their points were won through winners
from striking zone 2, with 14.2% of these points concluding with a forehand volley. These
points were hit toward finishing zones 3, 4, and 6 in similar proportions. Points won due to
unforced errors were predominantly preceded by an opponent’s shot from striking zone 3
(20.3% of all points won), often involving a backhand stroke.

Long rallies were the least frequent, accounting for only 13% of the analyzed points.
Of these, 60.7% were won by the returning player. Approximately half of the points ended
with a volley, with 23.4% being forehand volleys and 24.8% backhand volleys. The server
won 64.9% of their points through winners, most of which were generated from striking
zone 2. Regarding the returning player, the points they won were almost equally divided
between unforced errors from the opponent and their own winners. Striking zone 2 stood
out as the main zone from which to hit winners, with volleys predominating as the final
shot. The majority of winners were directed toward finishing zone 3.

4. Discussion

The objective of this study was to conduct a notational analysis of pickleball to generate
accurate and relevant data that can contribute to optimizing high-performance training
in this sport. The research provided significant findings on various key variables, such
as rally duration, the most common final shot zones, and ball trajectories associated with
winners or forced errors. Additionally, detailed statistics were gathered on the probability
of winning a point, distinguishing between the server and the receiver.

Previous research in other racquet and paddle sports has demonstrated that the serve
is a fundamental component of the game. When comparing pickleball to sports such as
tennis or padel, it has been observed that the ball is put into play with the first serve at a
high percentage, close to 97%, far exceeding the values recorded in tennis [35,36] and more

54



Appl. Sci. 2024, 14, 8724

similar to those in padel [14,17]. This percentage is more akin to sports like badminton,
where, as in pickleball, there is no option for a second serve. However, it has been found
that the serve in pickleball is significantly less effective compared to other racquet and
paddle sports [17,37], particularly in relation to tennis [18]. In fact, among the more than
1100 points observed, only one ace was recorded. Despite the fact that players serve
underhand in this sport, training with various spins and trajectories could enhance the
chances of winning points. This variability in serves could be an area to optimize during
practice, as it would allow players to develop more effective strategies and better adapt to
different game situations.

Regarding rally length, the study data showed that the proportion of points ending
in short rallies (between one and four shots) and medium rallies (between five and eight
shots) was quite similar, at approximately 43% in both cases. Long rallies, those with nine
or more shots, were relatively infrequent. When compared to other sports, it could be said
that the structure of play is more similar to padel, where rallies of fewer than 12 shots
(including short, medium, and long rallies in this study) are common and occur at a similar
rate [17,38,39], in contrast to tennis, where short rallies clearly predominate, especially on
fast surfaces such as hard courts and grass [18,35,40,41]. Given the rarity of long rallies in
men’s singles pickleball, players are encouraged to quickly adapt to situations and play
proactively, fostering a more offensive and aggressive style.

In terms of court striking zones from where the final shot is executed, pickleball
showed greater similarity to padel than to tennis. Previous research in padel has revealed
that up to 40% of final shots are made from the middle zone of the court, with similar
percentages from the zone near the net [17,42]. In contrast, in tennis, final shots from
the baseline dominate across all surfaces, highlighting a significant difference in point
dynamics between these sports [18]. These data suggest that, in this sport, as in padel,
mastering both the net and forehand and backhand volleys is crucial [43]. This contrasts
with tennis, where these shots are less frequent due to the predominance of baseline rallies
through groundstrokes [18,44]. It is important to note that in pickleball there is a zone close
to the net that, for regulatory reasons, cannot be used as a zone from which the final shot
is executed. This reinforces the idea that controlling the area near the net is fundamental,
similar to padel. A clear difference between padel and pickleball in this respect is that in
the latter, the smash is hardly used, whereas in padel, it is a decisive stroke [17,42]. In any
case, the high percentage of unforced errors committed by the receiver near the net during
short rallies suggests that the tactic of advancing toward the net may not be as effective as
previously considered. This aspect requires further exhaustive analysis in future research.

According to the data obtained from the study, the receiving player won slightly
more than half of the points played (54%). This finding contrasts markedly with padel
and, especially, with tennis, where the serve tends to clearly favor the server. Previous
studies have shown that, in padel, the probability of winning a point on serve is approx-
imately 60% [17,45], while in tennis, it ranges between 65% and 70%, depending on the
surface [18,46]. The rule in pickleball that requires the ball to bounce before being returned
on the first shot by the server after the serve could explain this difference. Therefore,
coaches have a significant opportunity to improve performance by focusing on optimiz-
ing the serve and the first return following the serve, to increase the chances of winning
the point.

Regarding point endings, it was observed that nearly 60% of the points ended with an
unforced error, predominantly committed by the server. These values are more similar to
those in tennis [18,47] than in padel, where recent research indicates that approximately
40% of points are decided by unforced errors [17]. Although in tennis the data are also
close to the findings of this study, in that sport, unforced errors are more common from the
receiving player.

Regarding the stroke used to finish points in this study, it was observed that forehands
and backhands predominated, along with a significant number of volleys, both forehand
and backhand. These characteristics show clear similarities to padel, where, in addition to
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these shots, finishes with smashes are also common [48]. However, in pickleball, the smash
was less frequent. In contrast, tennis presents a different profile, with a lower proportion of
volleys as final shots, since points in this sport are typically resolved with shots from the
baseline. Thus, while pickleball and padel share a more dynamic and offensive approach
to point endings, tennis is characterized by baseline play, with a predominance of forehand
and backhand strokes. The data reveal that in men’s singles pickleball, simply mastering
groundstrokes from the back of the court is not enough to win matches, nor is being skilled
only at volleying near the net. Both areas of play are essential, and success requires a
well-rounded game that integrates proficiency from both positions.

The sequential analysis of the study has revealed patterns of play and point-winning
chances that a descriptive analysis could have overlooked or misinterpreted. This type
of analysis, recently implemented in other racquet sports [13,17], has proven useful. For
example, although the receiver generally wins more points overall, this trend does not hold
in short rallies, where the server wins a greater proportion of points. This indicates that the
serve can be a decisive factor in point development, especially when resolved in the first
few shots. Although it may seem that the receiver has the initiative in the point, similar to
the dynamic in volleyball, this theory is not entirely accurate, since if the server manages to
shorten the rally, the possibility of success tilts in their favor. As expected, certain zones of
the court are more favorable for winning points, but the study reveals that it is crucial to
combine this information with the type of rally to obtain precise performance data. This
integrated approach allows coaches to optimize match tactics, adapting the game not only
based on the striking zone but also according to the dynamics of the rallies.

4.1. Practical Implications

The data presented in the research provide a more detailed understanding of the
internal dynamics of the game and are crucial for designing specific tasks to optimize
training and improve performance. For instance, although it is believed that being close
to the net facilitates scoring points in this sport, it has been observed that the returner
frequently makes errors in the area near the no-volley zone during short rallies. This
suggests that coaches should focus on improving this aspect of the game.

While servers win more points in short rallies, the difference is relatively small. This
indicates that there is still room for improvement in this area, as it has not been conclusively
demonstrated that serving significantly benefits the returner.

Focusing on striking zones 2 and 4, which are critical for finishing points, is also
essential. Since a significant number of points are resolved with shots from near the no-
volley zone, it is important for players to practice precise shot execution in these areas.
Additionally, considering that striking zone 4 is crucial for servers, training should include
exercises to explore how to capitalize on these zones for both offensive and defensive plays.

The analysis highlights the importance of both forehand and backhand volleys and
groundstrokes. Therefore, players should engage in exercises that emphasize these shots
equally, ensuring they can execute them effectively in various situations, especially during
short and medium-length rallies.

Moreover, given the significant role of unforced errors in determining point outcomes,
training should include practices aimed at reducing these errors, particularly in striking
zone 2. Players need to work on maintaining control and composure in this critical area to
minimize the likelihood of making unforced errors.

Finally, it is important to tailor training sessions to the duration of rallies. For short
rallies, the focus should be on aggressive play and quick strategies to finish points. In
medium and long rallies, the emphasis should shift to consistency, patience, and strategic
shot placement to outmaneuver the opponent.

4.2. Limitations and Future Perspectives

For this study, data from the semifinals and finals of five tournaments from the 2023
professional pickleball circuit were collected. Despite the number of points recorded and
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analyzed, the results obtained might have varied if points from earlier rounds or additional
tournaments had been included. Competitive stress associated with final rounds or even
physical fatigue may have influenced the resulting data.

In this study, player rankings, the state of the scoreboard, and player handedness were
not considered. These factors could be examined in future research.

For future studies, it is suggested to conduct a temporal analysis of the effort-pause
time between points and to compare results with the female category or different doubles
categories. Given that pickleball is an expanding sport, it would be beneficial to compare
these findings with future seasons to observe the evolution of the game and the changes
that may occur.

5. Conclusions

The research provides significant findings regarding successful patterns of rallies/play
in pickleball. Although this sport shares some similarities with padel and tennis, it has
distinctive characteristics that require specific and differentiated training compared to other
racket and paddle sports. In general, most rallies in men’s singles end within eight shots.
Returners win more points than servers, although in shorter rallies the advantage tends
to favor the server. Most points conclude near the no-volley zone, indicating that players
actively seek to approach the net due to the competitive advantage this position offers. The
most frequently used finishing shots are the forehand and backhand, but when the point
ends near the net, forehand and backhand volleys prevail, while the use of smashes and
drop shots is minimal.

These findings can contribute to a better understanding of the game, helping athletes
improve their decision-making during competition. Additionally, they provide valuable
information for designing specific drills and training sessions, especially considering the
lack of previous studies on this sport.
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Abstract: Progressive supranuclear palsy is a form of atypical Parkinsonism. People living with
Progressive Supranuclear Palsy have various symptoms, such as movement and cognitive disorders,
which mainly affect balance and functional ability with an increased risk of falls, dexterity, and
dementia. The role of exercise at the early stage of progressive supranuclear palsy remains unclear.
The aim of the present study was to examine the effectiveness of an exercise program at the early
stage of progressive supranuclear palsy. A patient with a diagnosis of progressive supranuclear
palsy within the past year followed a supervised 12-week exercise program (two times per week)
by a physiotherapist, with a session lasting about 40 min at a private physiotherapy clinic. Func-
tional status, balance, quality of life, anxiety, and depression were assessed four times with valid
instruments and tests. The results from the timed-up-and-go test demonstrated an improvement
in performance (MCID value = 3.4). Improvements were observed in the scores of the Parkinson’s
Disease Questionnaire-39 (MCID value = 0.6). Finally, an improvement was reported in the score of
the anxiety factor of the hospital anxiety and depression scale (MCID value = 1.5). Physiotherapy
appears to improve functional capacity, quality of life, and mental health. Further research is needed
to confirm these results with a large sample size in combination with other complementary therapies
such as mental imagery.

Keywords: physiotherapy; Parkinson’s disease; PSP; exercise; balance; functional ability; quality of
life; depression; anxiety

1. Introduction

Progressive supranuclear palsy (PSP) is the most frequent form of atypical Parkin-
sonism, with a prevalence of 5-6 cases per 100,000 patients [1,2]. People living with PSP
have various symptoms, such as movement disorders mainly affecting balance, functional
inability with an increased risk of falls, and dexterity. Also, they demonstrate facial and
cervical dystonia and oculomotor disorders [3,4]. Cognitive impairment, dementia, and
depression are also associated with the overall progression of PSP [5,6]. Finally, they also
often present with other comorbidities, such as cardiovascular, neurological, muscular, and
urological disorders [7].

Early-stage PSP often manifests as behavioral changes, such as irritability and agitation,
as well as subtle motor impairments, such as postural instability and falls, gait instability,
and gaze abnormalities [8], which may affect an individual’s quality of life and functional
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independence. This early phase of the disease may present a critical window of opportunity
for interventions that could potentially maintain or even improve functional abilities.

Few studies have investigated the role of exercise in PSP. Exercise is defined as a repet-
itive, planned, structured activity aimed at improving and maintaining muscle strength,
function, and fitness [9]. Exercise interventions have been shown to play a crucial role in
improving balance and gait in patients with PSP. A pilot study reported improvements
on balance performance after a therapeutic exercise program in PSP patients within a
short duration of 4 weeks [10]. Similarly, other studies have reported that a structured
physical therapy program is thought to be beneficial for individuals living with PSP [11-13].
Moreover, a case report showed the effectiveness of long-term locomotor training, stretch-
ing and strengthening exercises in enhancing balance, slowing the rate of gait decline,
preventing wheelchair dependence, and reducing falls in a patient with mixed PSP and
corticobasal degeneration features [14]. Due to the initial symptoms of PSP resembling
those of idiopathic Parkinson’s Disease (PD), physiotherapists often implement rehabilita-
tion programs similar to those targeted at PD, focusing on increasing strength [15-17] and
balance [18,19]. Commonly applied aerobic exercises for PD patients, such as cycling and
dancing, may have potential applications for PSP as well [20,21]. However, the existing
research is limited, and there is a need for further exploration of exercise-based approaches
tailored to individuals with early-stage PSP.

The results of the present study provide a unique contribution to the field by examining
the effects of a supervised exercise program on balance, functional ability, quality of life, and
depression in an individual with early-stage of PSP. This approach contrasts with previous
studies, which have predominantly focused on exercise interventions for individuals with
moderate-to-advanced stages of the disease [10,22,23]. In contrast, the existing literature has
tended to focus on single outcome measures, limiting the ability to capture the multifaceted
impact of the disease and the diverse effects of exercise interventions [10].

Furthermore, the detailed description of an exercise program, encompassing warm-up,
main exercises, and recovery components, provides valuable information for clinicians
and researchers seeking to replicate or adapt successful exercise strategies for individuals
with an early-stage PSP. This level of programmatic detail is often lacking in the current
literature, hindering the translation of research findings into clinical practice.

By addressing these gaps in the existing literature, the results of the present study
have the potential to inform the development of more effective, stage-appropriate exercise
interventions for individuals with early-stage PSP, ultimately contributing to improved
clinical outcomes and enhanced quality of life for this clinical population. Also, this study
aimed to bridge the gap between the scarce literature available and clinical practice and to
describe the effectiveness of a structured exercise program.

2. Materials and Methods
2.1. Participants

The inclusion criteria of the sample were as follows: (a) diagnosed with early-stage
PSP, (b) understanding spoken and written language, (c) ambulatory, (d) no other serious
health problems in the last month, and (e) willingness to take part in the study.

The exclusion criteria were: (a) moderate and severe stage PSP; (b) severe psychiatric
problems; (c) serious health issues (e.g., medically significant cardiac or respiratory disease);
and (d) inability to walk.

Three participants met the inclusion criteria, but finally one of them agreed to take
part in the present study. The participant was a 78-year-old male diagnosed with PSP one
year prior to the assessment. He demonstrated mild symmetrical limb Parkinsonism, voice
change, and vertical gaze restriction, as well as balance problems, but has not yet used a
walking aid. Other medical problems included arterial pressure and chronic obstructive
pulmonary disease. Other demographic data are depicted in Table 1. A signed form was
completed after being informed about the study’s procedure. This study received approval
from the Ethics Committee of the University of Peloponnese (661/11-1-2023).
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Table 1. Characteristics of the participant.

Characteristics

Gender Male
Age (years) 78
Duration of illness (years) 1
Height (cm) 176
Body mass (kg) 90
BMI ! kg/m? 29.1

Abbreviations: ! BMI: body mass index.

2.2. Measures and Instruments

Personal data were collected in the baseline assessment. Outcome measures were
evaluated at four time points: (a) prior to the intervention (1st baseline assessment—E1),
(b) at the 4th week of the intervention program—E2, (c) at the 8th week of the intervention
program—E3, and (d) at the end of the exercise program at 12 weeks—E4. The outcome
measures included:

1. Balance

The timed-up-and-go (TUG) test examines mobility and balance in elderly people. The
time required for the participant to stand up from the chair, walk a distance of three meters,
turn, walk back to the chair, and sit in it is recorded. For the execution, the physiotherapist
uses a chair (with back and arms), a tape measure, a tape, and a watch or stopwatch. From
the chair, we measure and mark a distance of three meters. As soon as the patient is seated,
the timing stops. The time required to perform the test is approximately 10-35 s. The test
has good reliability for Parkinson’s disease [24].

2. Functional ability

The five times sit-to-stand test (FTSST) assesses the functional ability of the lower
limbs. It is simple and short and designed for elderly people. The test begins with the
participant sitting with their back on the chair, feet shoulder-width apart and arms crossed
at chest level. The participant stands up using only the lower limbs and returns to the
sitting position without touching the back of the chair 5 times as fast as possible. The test
has good reliability in patients with Parkinson’s Disease [25].

3. Quality of life

The Parkinson’s disease questionnaire (PDQ-39) consists of 39 questions covering
eight factors of patient’s health. The score ranges from 0—4. A higher score indicates a
worse quality of life. It has good internal consistency (Cronbach o = 0.71-0.94) [26,27].

4.  Depression

The hospital anxiety and depression scale (HADS) consists of 14 questions, examining
anxiety and depression, 7 questions each, through a 4-point Likert-type scale from 0 (not at
all) to 3 (happens to me all the time/often). The total score ranges from 0 to 21 for each
factor. Higher scores also indicate increased levels of anxiety-depression. The classification
for each factor separately is: 8-10 (mild), 11-14 (moderate), and 15-21 (severe). A score
below 8 indicates no clinical findings of anxiety-depression. The scale shows high internal
consistency (Cronbach o = 0.884; anxiety factor 0.829, depression factor 0.840). Also, it has
high test-retest reliability (ICC = 0.944) [28].

2.3. Procedure

The participant followed a 12-week intervention exercise program supervised by an
experienced physiotherapist. The exercise program had a frequency of 2 times/week with
30—40 min duration per session. The customized exercises for this clinical population
included three phases: the warm-up, the main part of the program, and the recovery
(Table 2). The warm-up exercises, lasting 5-10 min, aimed to promote circulation and

62



Appl. Sci. 2024, 14, 8368

prepare the body for the rest of the program. The participant mobilized his joints and
stretched his muscles. The main part of the program consisted of muscle-strengthening
exercises, endurance exercises, balance exercises, upper and lower extremity exercises,
trunk twists, fast and slow-tempo exercises, and movements with a sudden change of
direction [29]. This phase, lasting 20-25 min, included moderate to high aerobic exercise
based on the rating of perceived exertion scale (RPE) [30]. Specifics regarding the number
of repetitions or sets for each exercise were incorporated for optimal effectiveness. The
recovery phase, lasting 5-10 min, included stretching of the core muscles and relaxing
exercises [31]. Another physiotherapist undertook the assessment of balance, functional
ability, quality of life, and depression 4 times: at the beginning, during, and at the end of
the exercise program, using the instruments described above.

Table 2. Description of the exercise program.

Variables Warm Up Main Program Recovery
Duration 5-10 min 20-25 min 5-10 min
Walking on the spot Rhythmic alternating

. f the 1
while simultaneously movement of the lower Cat—cow from a

swinging the arms limbs, with one limb sitting position
) always in contact with &P

alternately the ground
Neck turns Light running \s/iatlgr?gsa;ssif;(:)?j
Exercises Side bending of the head Monopod support Konasana *
Shoulder lift Jumping jack i?gﬁfgr;aogzglna
Chest muscle stretching * Big sideways steps Vakrasana
Hamstring stretch Superman exercise * Konasana 2 *
Quadriceps stretch Leg kicks
Hips sideways

* Described in the Supplementary Materials (Appendix: Description of exercises).

2.4. Statistical Analysis

Descriptive statistics, including mean and standard deviation, were calculated for the
four assessments of the study. The study used the minimal clinically important differences
(MCID) values. As MCID is defined as the smallest difference in score in any domain or
outcome that patients can perceive as beneficial or harmful, it would possibly require a
change in their health care approach. This analysis aimed to determine if there were any
clinical changes in the treatment outcome resulting from the implementation of the exercise
program. A literature review was conducted to acknowledge the MCIDv for the present
study’s instruments. MCIDv is defined as the value of the MCID, which was used in the
comparison with the reported differences (pre—post) of the participant’s assessments. There
have been no studies reporting the MCIDv for the instruments used in populations with
PSP. However, the MCIDv for the PDQ-39 and its factors were found from Peto et al. [32],
in which they followed a distribution-based approach to estimate them. The MCIDv for the
FTSTS were found in studies regarding vestibular disorders [33,34], for the TUG in studies
regarding postoperative patients with degenerative discopathy [35], and for the HADS and
its factors (HADS-A and HADS-D) in populations with cardiovascular disease [36]. Then
a comparison was made between the MCIDv and the reported differences (pre—post) of
the participant’s assessments. The MCIDv served as a threshold, identifying a reported
difference (pre—post) as clinically important if its value exceeded the MCID [37].
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3. Results

The participant demonstrated a high level of adherence, missing only one session
throughout the entire 12-week intervention period, and that absence was due to personal
reasons. The TUG and the FTSST were employed to assess participants’ balance and
functional ability, respectively. The HADS was used to assess depression and anxiety, and
PQD-39 was used to evaluate the quality of life of the participant.

The MCIDv for TUG revealed an improvement in performance between E2—E1.
However, threshold-based comparisons between MCID and reported differences in E3—E2
and E4—E3 showed no further differences since the difference value was lower than the
MCIDv (Table 3), indicating a plateau in improvement over time.

Table 3. Differences between the four assessments on functional ability, balance, quality of life, and

depression of the participant.

Baseline 4 Weeks 8 Weeks 12 Weeks MCID MCID MCID MCID

E1 E2 E3 E4 IE2 — E11 IE3 —E21  |E4 —E3]  Value
PDQ-39 5.12 7.5 5 5625 2.38 % 25*% 0.625* 0.6
PDQ-39-Mobility 50 65 52.5 45 15* 12.5* 75* 1.5
PDQ-39-ADL 29.1 29.1 20 20.8 - 9.1*% 0.8* 0.7
PDQ-39-Emotional 25 29.1 333 25 41% 42% 8.3* 0.3

well-being

PDQ-39-Stigma 12.5 43.7 0 312 31.2* - 31.2* 0.8
PDQ-39-Social support 0 8.3 0 16.6 8.3 % - 16.6 * 1.2
PDQ-39-Cognition 18.7 37.5 6.2 31.25 18.8 * 31.3* 25.05* 0.4
PDQ-39-Communication 0 8.3 8.3 8.3 8.3*% - - 0.8
PDQ-39-Bodily discomfort 25 41.6 333 25 16.6 * 73% 83* 1.3
TUG 18 14 16 14 4% 2 2 34
FTSST 17 14 21 17 3% 7 4% 2.3
HADS 20 22 14 16 2% 7* 2% 1.7
HADS-Anxiety 14 10 10 11 4 - 1 15
HADS-Depression 6 12 4 5 6* 8% 1* 0.5

Abbreviations: PDQ-39: The Parkinson’s Disease Questionnaire-39; ADL: activities of daily living; TUG: timed-
up-and-go; FTSST: five times sit-to-stand test; HADS: hospital anxiety and depression scale. * p < 0.05.

The statistical analysis for FTSST demonstrated an initial improvement in performance
speed, followed by a subsequent deterioration. Ultimately, the final performance was
similar to the baseline (Table 3).

The PQD-39 was used to assess the quality of life. The overall score had changed
in all the MCID comparisons of the questionnaire, i.e., mobility, emotional well-being,
cognition and bodily discomfort. The ADL dimension did not show a difference at the
comparison between E1 and E2. The communication dimension did not show a difference
at the comparison between E3—E2 and E4—E3 (Table 3).

HADS was used to examine the participant’s anxiety and depression. The comparison
between MCIDv and reported differences in E3—E2 and E4—E3 of the HADS-A revealed
no change; only in E2—E1 appeared a reduction of anxiety. However, at the end of the
program, differences were observed in the HADS-total score and in the HADS-D factor
(Table 3).

4. Discussion

The purpose of the present study was to investigate the impact of an exercise program
on balance, functional ability, quality of life, anxiety, and depression in an individual at
an early stage of PSP. The results revealed some improvements in functional status and
quality of life, as well as some reductions in anxiety and depression symptoms. However,
the exercise program appeared to not have influenced balance.

The current case study found that a 12-week exercise program may not contribute
to an improvement in balance; thus, more research with a larger group sample is needed.
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This finding appears to be in contrast with some previous research on the effects of exercise
interventions in individuals with PSP. Several case studies and small trials, included in
a systematic review [38], did report improvements in balance and functional mobility
following exercise interventions [10,18,39,40]. The exercise programs” duration and fre-
quency of these four aforementioned studies were from 4 weeks to 3 years and from three
to five times per week, respectively. The authors concluded that exercise therapy may help
maintain or improve physical function, including balance, in people with PSP. However,
the findings of the current case study are not entirely surprising, as the progressive nature
of PSP presents significant challenges for rehabilitation. It is possible that the 12-week
exercise program at the early stage of the PSP was not intensive or long-lasting enough
to overcome the underlying neurological deficits contributing to the participant’s balance
difficulties. Additionally, the single-case design of the current study limits the generaliz-
ability of the findings. Individual responses to exercise can vary greatly, especially in a
complex neurodegenerative condition like PSP. Larger-scale studies with more participants
would be needed to better understand the role of exercise in managing balance problems
in this population.

The findings of this case study reported some improvements in functional ability after
a 12-week exercise program. This finding is generally consistent with the existing literature
on the benefits of exercise for individuals with PSP [14,40-42]. Steffen et al. [14] reported
that a physiotherapy intervention including locomotor training and exercise programs
improved balance, slowed the rate of gait decline, decreased wheelchair dependence, and
decreased falls in a patient with mixed PSP. Similarly, Suteerawattananon et al. [40] showed
improved gait, fall reduction, and enhanced balance following physical therapy in a person
with PSP [40]. A systematic review by Slade et al. [38], aiming to assess the efficacy of
exercise and physical activity interventions in the PSP, concluded that exercise training may
be beneficial [42]. A series of three case reports examined the effects of physical therapy
and exercise interventions for patients with PSP reporting improvements in physical
functional status [39]. Other studies demonstrate that exercise programs targeting muscle
strengthening, balance, and mobility could improve functional outcomes and quality of life
in this population [23,43—46]. The mechanisms by which exercise may benefit functional
ability in PSP likely involve improvements in muscular strength, postural control, and
mobility—all of which are typically impaired in this neurodegenerative disorder [46,47].

The study’s findings may indicate improvements in participant scores in HADS-D
due to an exercise intervention in individuals with PSP. Regarding the effect of exercise
on depression in people with PSP, this study is unique and innovative as there are no
other studies studying this topic; however, these findings are supported by a body of
evidence exploring the mechanisms by which physical activity can influence psychological
well-being in chronic neurologic disorders [48-50]. A systematic review reported that
exercise programs targeting balance, gait, and physical functioning often resulted in im-
provements in measures of depression and quality of life [50]. These positive changes may
be attributed to psychological mechanisms that influence the participant’s self-image [51].
Exercise plays a role in removing the patient from negative thoughts enhancing self-esteem
through the theory of self-efficacy and self-mastery [52]. From a neurobiological perspec-
tive, exercise has been shown to increase the production and release of neurotransmitters
such as serotonin, dopamine, and endorphins, which can have mood-enhancing effects
and contribute to the reduction of anxiety and depressive symptoms [53,54]. Additionally,
physical activity can modulate the hypothalamic—pituitary—adrenal (HPA) axis, leading
to decreased cortisol levels and improved regulation of the stress response system, which
is often dysregulated in mood disorders [55]. Furthermore, exercise has been associated
with increased hippocampal volume, enhanced neurogenesis, and improved connectivity
in brain regions involved in emotional regulation, such as the prefrontal cortex and limbic
system, all of which can contribute to the observed psychological benefits [56,57].

This study found an improvement in the quality of life of the participant. This result
is in agreement with the limited existing research on the potential benefits of exercise
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for quality of life in individuals with PSP. A systematic review [58] provided preliminary
evidence that exercise programs may improve quality of life in different studies with a small
sample of PSP patients [23,43,59,60]. The current case study builds upon these findings,
demonstrating that a 12-week exercise intervention targeting muscular strength, endurance,
balance, and flexibility can lead to meaningful improvements in self-reported quality of life
for an individual with early stage PSP.

Exercise has been demonstrated to influence a variety of neurobiological mechanisms
that can have profound impacts on neurological health and function. One of the key
processes is neuroplasticity, which refers to the brain’s ability to reorganize and adapt
its connections and function in response to changes in behavior, environment, or neural
processes [61]. Turning to the specific case of PSP, these exercise-induced neurobiological
changes could have therapeutic implications. PSP is a rare and debilitating neurodegenera-
tive disorder characterized by progressive impairment of balance, gait, eye movements, and
cognitive function [62]. The neurodegeneration in PSP is thought to involve excessive oxida-
tive stress, mitochondrial dysfunction, and impaired neuroplasticity [6,63]. By enhancing
neuroplasticity, promoting neurogenesis, and bolstering antioxidant defenses, exercise may
help offset the neurological decline associated with PSP and potentially improve functional
outcomes and quality of life for patients [64].

The exercise program, which included aerobic exercise in its main part, may prove
effective in improving motor condition and functional ability. It targeted the most basic
motor symptoms, resulting in some improvements. In the early stages of idiopathic
Parkinson’s disease, high-intensity interval training and progressive resistive strength
training combined with movement strategies and education have been found to be effective
for both motor symptoms such as gait and balance and falls rates [65,66]. The rehabilitation
program followed by PSP patients often is similar to that of idiopathic Parkinson’s disease’s
because initial symptoms or difficulty with function and activity limitations can appear
similar [11,67]. As PSP progresses, the exercise programs often need to be adjusted to
account for the changing functional abilities of the patient.

However, as the disease advances and balance, gait, and physical function decline,
more targeted exercise strategies may be required. Restorative exercise approaches, such
as those incorporating core stabilization, postural control, and compensatory movement
patterns, might be beneficial. Additionally, exercise programs may need to be adapted
to the specific stage of the disease. In the later stages of PSP, when mobility is severely
impaired, exercises focusing on maintenance of range of motion, seated exercises, and
activities to promote respiratory function may be more appropriate.

One limitation of the present study was the challenge in reaching general conclusions.
Also, the use of TUG as the only tool to assess balance is a limitation of this study. However,
the study’s strength and differentiation was the use of MCIDv in the PSP population.
To the best of our knowledge, no other study has demonstrated MCIDv in this clinical
population until now. It is essential to acknowledge that MCIDv for various assessments,
such as the FTSST in vestibular system disorders [33,34], the TUG in postoperative patients
with degenerative disc disease [35], and the HADS in cardiovascular disease [36], have
been reported in different contexts. Future research using larger sample sizes should be
conducted to assess the effect of exercise programs, particularly at early stages, on PSP
with more specific measurement tools like the progressive supranuclear palsy quality of
life scale.

5. Conclusions

Participants with PSP commonly experience cognitive, emotional, and functional
challenges. Therapeutic interventions for PSP often incorporate exercise programs. This
study demonstrated that such exercise programs may have positive effects, improving
patients’ functional status, quality of life, anxiety, and depression at the early stage of
PSP. While additional research is warranted to validate and strengthen the findings of the

66



Appl. Sci. 2024, 14, 8368

present study, those suggest that an exercise program may help mitigate the debilitating
effects of this neurodegenerative disorder on patient wellbeing and daily functioning.
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Abstract: In this study, the effects of exercise applied to sedentary individuals and the use of
pomegranate-black carrot juice on minerals, fatty acids and some biochemical parameters were
examined. Twenty healthy sedentary men participated in this study. This research consisted of
three stages. Blood samples were taken from the participants before this study (Baseline), after
the participants exercised (60 min/day) for 10 days (Exerciseony), after the participants were given
pomegranate-black carrot juice mixture (100 mL/100 mL) along with exercise (60 min/day) for
10 days (Exercisesupp). While AST and ALT levels increased in the Exerciseyyy phase, they showed
a relative decrease in the Exercise;supp phase. It was determined that Mg level in the Exerciseyny
phase decreased compared to the Baseline and the Exercise.supp phase. It was determined that the
Zn level in the Exercisesupp phase increased compared to the Zn level in the Exerciseyy phase. It
was determined that 6:0, 12:0 and 14:0 fatty acid levels increased in the Exerciseyy)y phase compared
to the Baseline. A decrease was detected in the Exercise,y phase compared to the Baseline 18:2néc,
18:3n6 and 18:3n3 fatty acid levels. It can be said that exercise and the use of pomegranate-black
carrot juice mixture in sedentary individuals have supportive and corrective effects on serum mineral,
fatty acids and some biochemical parameters.

Keywords: exercise; pomegranate-black carrot juice; minerals; lipid metabolism

1. Introduction

Athletes often turn to micronutrient supplements to improve their performance, im-
prove immune function, or correct mineral and vitamin deficiencies [1]. In addition, athletes
consume antioxidant-containing foods to minimize oxidative stress that may occur due
to exercise as well as to increase their performance [2]. One of the important antioxidant
sources that can reduce the harmful effects of oxidative stress is fruits and vegetables [3].
Fruits and vegetables have a very rich content of vitamins, minerals, fiber and antioxi-
dants [4].
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It has been stated that pomegranate (Punica granatum L.) fruit, which has many
healing properties for health, prevents or helps treat various disease risk markers (such
as oxidative stress, hyperglycemia, high cholesterol and inflammatory activities) [5]. It
has been reported that regular consumption of pomegranate juice or pomegranate juice
concentrate (PJC) is associated with a decrease in blood pressure, improvement in blood
lipid levels and reduction in oxidative stress [6,7]. Fuster-Mtinoz et al. (2016) reported
that pomegranate juice supplementation had a positive effect on the modulation of fat
and protein damage in endurance-based athletes [8]. The reason for this healing feature of
pomegranate is due to the various phytochemicals it contains, which are responsible for its
strong antioxidant and anti-inflammatory potential [9]. It is emphasized that black carrot
(Dacus carota L.), which has another antioxidant property and is a source of polyphenols,
including phenolic acids, has significant effects on improving health [10]. These, like
pomegranate, increase antioxidant activity [11] and also lead to improvements in lipid
peroxidation and cardiovascular risk markers [12]. Additionally, a recent study reported
that the combined application of pomegranate-black carrot juice with exercise reduced
the level of oxidative stress [13]. It is stated that exercise causes an increase in oxidative
enzymes and microinjuries in skeletal muscle [14]. Additionally, some studies have reported
that Aspartate Aminotransferase (AST) and Alanine Aminotransferase (ALT) enzymes
increase, depending on the type and intensity of exercise [15-17]. However, there is no
clear consensus in the literature as to which form of exercise can change these parameters
and to what extent.

One of the macronutrients that is important for the human body is lipids [18]. Since the
lipid profile changes depending on physical activity, it is very important to understand the
working mechanism of lipid metabolism for both athletes and sedentary individuals [19].
In a study conducted by Bengin et al., it was reported that exercise and diet application can
regulate one’s lipid profile, ghrelin, and leptin levels, and increased irisin with exercise can
activate lipid metabolism and support positive changes in lean mass [20]. Fatty acids (FAs)
are also an important energy source during exercise [21-23]. FAs are considered a basic
component of the erythrocyte membrane. In addition, exercise and nutrition are two factors
that affect their structure and function [24]. In a study conducted by Corsetto et al., it was
reported that physical activity application combined with a standard diet program caused
a significant decrease in linoleic acid (C18:2) and omega-6 PUFAs and an increase in stearic
acid (C18:0) and oleic acid (C18:1) concentrations [25]. FAs are an important energy source
for skeletal muscle contraction, especially during light-moderate intensity and long-term
exercise [26]. It has been stated that FAs and lipid intermediates derived from them may
play a role in the regulation of skeletal muscle mass and function [27].

Consuming antioxidant-containing foods can reduce exercise-induced muscle damage
and oxidative stress markers. For this reason, the hypothesis that the beneficial effects of
pomegranate-black carrot juice, known for its rich antioxidant content, may have positive
effects on mineral metabolism, fatty acids and some biochemical parameters was tested in
this study.

In light of all this information, this study aimed to examine the effects of pomegranate—
black carrot juice mixture applied together with exercise on mineral metabolism, fatty acids
and some biochemical parameters in sedentary individuals.

2. Materials and Methods

Before starting this research, ethical approval was received from Firat University /Non-
Interventional Research Ethics Committee, dated 25 April 2019, meeting number 07 and
decision number 15. A total of 20 healthy male students studying at Firat University, not
doing sports regularly, living in dormitories affiliated with the credit dormitories institution,
subject to the same nutrition program and having no obstacle to doing sports voluntarily
participated in this study (age: mean & s.d. = 21.1 & 2.3 years, height: mean £ s.d. =
175.6 £ 2.9 cm, body weight: mean + s.d. =75.2 & 3.1 kg). Before this study, an analysis
was conducted using G*Power (Version 3.1) to determine the statistical power and the
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required minimum sample size. Based on the research findings of Ammar et al. [28], this
analysis indicated that with a Type I error rate (alpha) of 0.05, a test power (1-beta) of 0.80
and an effect size of 1.439, a minimum sample size of 9 participants was necessary to detect
a significant difference under a two-tailed alternative hypothesis (H1). However, to obtain
stronger and more reliable results, this study was conducted with 20 participants. Exclusion
criteria from this study were (1) not following the exercise program and not consuming
pomegranate-black carrot juice throughout this study and (2) refusing to donate blood and
experiencing any injury during this study. This study was designed as a non-randomized,
single-blind and crossover research design model. This research consisted of three stages.
Serum samples were obtained from blood samples taken from the participants at each stage
(three different stages).

2.1. Research Design

The research design consists of three different phases. It is shown in the figure
(Figure 1).

(Phase 1 (Baseline): Pre-test\ ( \ (3 Phase (Exercise+,,, ): The\

suj
values, which are the first 2. Phase (Exercise,py): same 20 individtfgls
measurement values, were An exercise program participating in the study
taken from the individuals was applied to the same were given a mixture of
participating in the research 20 individuals pomegranate juice (100 mL)
by taking blood samples participating in the and black carrot juice (100
before the application study for 10 days. mL) along with an exercise

\ started. ) \ ) \ program for 10 days. )

Figure 1. General research protocol.

2.2. Exercise Protocol

This research was carried out at Firat University /Multi-Purpose Sports Hall, and
before starting this research, a comprehensive explanation was given to the participants
about the exercise program to be implemented with expert trainers. The participants
completed long-term aerobic flat running (5000 m) over 10 days. Then, they completed
3 x 10 sit-ups and 3 x 10 push-ups and performed cool-down exercises. Exercises were
performed every day between 16.00 and 17.00 to avoid circadian variations as with other
study protocols [29-31]. Participants completed flat running exercises at a standard pace of
65-70% of their maximum heart rate (HR) (50-55% VO, max). Maximum HR was calculated
according to the Karvonen formula (220-Age-DN x Exercise intensity + DN). To control
running speeds, HR during exercise was monitored simultaneously with a telemetric HR
monitor (5610i, Polar Electro Oy, Kempele, Finland).

2.3. Giving Pomegranate—Black Carrot Juices

The pomegranate fruit taken daily was cleaned by washing with distilled water, and
the juice was obtained in a juicer after the pomegranates were separated from their peels.
Black carrot juice was also obtained using the same method. Pomegranate-black carrot
juice was given to the participants daily, 45 min before starting each exercise program
(for 10 days) in the second stage [13]. No additional chemical products were added to
the natural pomegranate-black carrot juice. In the literature, the content of pomegranate
juice was determined as 490.75 mg/kg of phenolic acid, 137.1 mg/L of anthocyanin,
175 mg/100 g of ellagic acid, 63 mg/kg of total flavonoids and 1530 mg/kg of total
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antioxidants [32]. In black carrot juice, anthocyanins were found to be 837 mg/100 g, total
phenolics 7.98-291.48 mg /100 g, flavonoids 3.00-111.70 mg /100 g, flavonols 51.6 mg/100 g
and falcarinol 1.55 mg/100 g [33].

2.4. Analysis of Biochemical Parameters
2.4.1. Obtaining Serum Samples

When each stage of this research was completed, venous blood samples were taken
from the participants’ arms with a heparin syringe that can draw 5 mL of blood. In
order to make blood collection easier after exercise, an intraket was inserted into the
participants before exercise. Serum samples were obtained by centrifuging the blood
samples at 4000 rpm for 10 min under appropriate conditions. The analysis of the serums
was performed by the photometric method on the ARCHITECT Ci 16,200 TM analyzer in
the biochemistry laboratory of Firat University Faculty of Medicine. AST, ALT, TG and
cholesterol measurements were made of the serum samples in a short time.

2.4.2. Analysis of Serum Mineral Levels

Of the samples, 0.5 g was taken and transferred to the DAP60-K PTFE containers of the
microwave dissolving system and 4 Ml HNOj (65% w/v), and 1 mL HClO4 (60% v/w) was
added. After thawing, the dissolved samples were transferred to 20 mL volumetric flasks
and made up a final volume of 0.1 M HNOs;. Additionally, blank samples were prepared
and thawed in the same manner. Stock solutions of the analyzed Copper (Cu), Magnesium
(Mg), Manganese (Mn), Iron (Fe) and Zinc (Zn) minerals were prepared and calibrated on
the device. Finally, the obtained solutions were analyzed using the ICP-MS device [34].

2.4.3. Analysis of Serum Fatty Acid Levels

Of the serum samples, 0.5 mL was taken and homogenized in a hexane/isopropanol
(3:2 v/v) mixture. Lipid extracts were centrifuged at 5000 rpm for 5 min. Afterwards, the
solvents were removed at 40 °C [35]. Fatty acids in lipid extracts were treated with 2%
sulfuric acid (v/v) in methanol and converted into methyl esters. Fatty acids present in
lipid extracts were analyzed using gas chromatography. Three repeat measurements were
made for each sample. The results obtained were expressed as the total percentage of each
fatty acid among the total fatty acids, and the calculations were carried out using the GC
Solutions 2.42 program.

2.5. Statistical Analysis

The data were analyzed using SPSS version 22.0 (SPSS Inc., Chicago, IL, USA). The
data are reported as mean and standard deviation. Data normality was verified using
the Shapiro-Wilk test. The assumptions of sphericity were assessed by Mauchly’s test.
Whenever an assumption was violated, a Greenhouse-Geisser correction was applied on
the degree of freedom if the epsilon (¢) value was <0.75 and a Huynh-Feldt correction was
applied if € was >0.75. A one-way analysis of variance for repeated measures was used to
compare the variables related to different exercise forms. When a difference was found, a
Bonferroni post hoc test was applied. Partial eta squared (17,%) was used to evaluate effect
sizes. The alpha level was set at 0.05 for all the tests.

3. Results

When looking at Table 1, while an increase was observed in the AST and ALT levels of
the Exerciseynyy phase compared to the AST and ALT levels of the Baseline phase (p < 0.05),
a relative decrease was detected in the AST and ALT levels of the Exercise.sypp phase
(p > 0.05). The Exercise supp phase AST and ALT levels decreased compared to Exerciseqnyy
phase AST and ALT levels (p < 0.05). No statistical difference was observed between
cholesterol levels of all stages (p > 0.05). A decrease was detected in the TG level in the
Exercise,nly and Exercise+supp phases compared to the TG level in the Baseline phase
(p <0.05).
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Table 1. Serum biochemistry levels.

Stages AST (U/L) ALT (U/L)  CHOLESTEROL (mg/dL) TG (mg/dL)

Baseline 26.66+140  2533+1.23 144.22 + 4,58 91.01 £ 4.86

Exercise,n,  29.22 40982 288841267 138.66 + 5.28 67.77 £5.322

Exercisessupp 2477 £0.52%  24.66 + 1.45% 136.33 + 5.29 68.55 +5.02°
1y%: 0.33 1% 0.32 1% 0.02 1p%: 0.65

Comparison of other stages according to the Baseline stage; a: p < 0.05. Comparison of Exercisey,y and
Exercise+supp phases; x: p < 0.05; 17,%: partial eta squared.

When looking at Table 2, it was observed that there was no statistical difference
between Cu levels at all stages (p > 0.05). It was determined that the Exercise,ny phase Mg
level decreased compared to the Baseline phase and Exercise.supp phase Mg level (p < 0.05).
It was determined that there was no statistical difference between Mn levels at all stages
(p > 0.05). It was determined that Fe levels in the Exercise,ny phase and Exercise.supp
phase decreased significantly compared to the Fe level in the Baseline phase (p < 0.001). A
decrease in Zn level was observed in the Exerciseynyy phase (p < 0.001) and Exercise.supp
phase (p < 0.01) compared to the Zn level in the Baseline phase. It was determined that the
Zn level in the Exercise.supp phase increased compared to the Zn level in the Exerciseqny
phase (p < 0.001).

Table 2. Serum mineral levels (ppb).

Stages Cu Mg Mn Fe Zn

Baseline 748.55 £ 21.03 18,626.31 + 206.01 570 £0.25 2883.90 + 123.88 1270.26 £ 22.08

Exerciseonly 776.47 £19.92 17,798.75 + 171.65 2 4.85+0.24 1680.52 £ 62.34 ¢ 885.84 +24.97 ¢

Exercisesupp 797.64 £ 18.47 18,689.53 4 337.32 % 4.69 +£0.26 1591.20 £ 63.24 © 1090.22 + 18.30 b=

1p*: 0.02 1p>: 0.04 1% 0.34 1p>: 0.90 1% 0.39

Comparison of other stages according to the Baseline stage. a: p < 0.05; b: p < 0.01; c: p < 0.001. Comparison of
Exercise,nly and Exercise+supp phases. x: p < 0.05; z: p < 0.001; 1> partial eta squared.

When looking at Table 3, it was determined that the } 'SFA level in the Exerciseyny
and Exercise,supp phases was higher than the ) SFA level in the Baseline phase (p < 0.05).
It was observed that } PUFA and ) JUSFA levels in Exerciseonyy and Exercise.supp phases
decreased compared to Baseline phase ) PUFA and ) USFA levels (p > 0.05, p < 0.01). In
the Exercise,ny phase, 6:0, 12:0 and 14:0 fatty acid levels were found to increase compared
to the Baseline phase (p < 0.05). Exerciseynyy and Exercise.supp phase 16:1 fatty acid levels
decreased compared to of the Baseline phase fatty acid levels (p < 0.05, p < 0.01). It was
observed that the 18:0 level in the Exercise,ny and Exercise.supp phases increased compared
to the Baseline phase (p < 0.05). A decrease was detected in the Exercise,y)y phase compared
to the Baseline phase 18:2n6c¢, 18:3n6 and 18:3n3 fatty acid levels (p < 0.05; p < 0.01). It was
determined that the level of 18:2n6c¢ in the Exercise,supp phase increased compared to the
Exerciseony phase (p < 0.05). It was observed that the 20:5n3 level in the Exerciseyny phase
decreased compared to the Baseline phase (p < 0.001).

Table 3. Serum fatty acid levels (%).

Stages

Fatty Acids Baseline

Exercisegqy

Exercise,supp

Iy

Caproic acid

(6:0)

0.173 £ 0.017

0.232 +0.007 2

0.208 £ 0.006

0.98

Lauric acid

(12:0)

0.054 £ 0.012

0.130 +0.028 2

0.090 £ 0.014

0.97

Myristic acid

(14:0)

0.321 £ 0.031

0.383 +0.023 2

0.339 £ 0.032

0.37
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Table 3. Cont.

Stages
Fatty Acids Baseline Exerciseonly Exercise.supp qu
Pentadeconic acid (15:0)  0.126 £ 0.009 0.134 + 0.015 0.155 £+ 0.012 0.30
Palmitic acid (16:0)  22.484 + 0.498 24.159 + 0.279 22.808 + 0.535 0.08
Heptadeconic acid (17:0)  0.342 £ 0.012 0.331 £+ 0.021 0.317 £ 0.014 0.03
Stearic acid (18:0)  26.090 + 0.520 29.845 + 0.327 2 29.882 +0.833 2 0.23
Arachidic acid (20:0) 0.361 + 0.017 0.409 + 0.015 0.444 +0.0192 0.20
Behenic acid (22:0)  0.339 £ 0.031 0.399 + 0.017 0.378 £ 0.028 0.32
Trichosanoic acid (23:0)  0.077 £ 0.008 0.112 4+ 0.008 0.121 £+ 0.033 0.70
Lingoseric acid (24:0)  0.285 £ 0.038 0.339 = 0.020 0.302 £ 0.020 0.36
Total saturated fatty acid level (Y SFA) 50.652 + 1.551 56.473 +2.014 2 55.044 4+ 1.706 @ 0.17
Pentadecanoic acid (15:1)  0.657 + 0.024 0.815 4+ 0.024 b 0.793 + 0.019 P 0.45
Palmitoleic acid (16:1)  1.241 £ 0.065 1.035 £0.029 2 0.828 4 0.012° 0.42
Oleic acid (18:1n9¢)  8.665 + 0.241 7.802 £+ 0.219 8.195 £ 0.395 0.16
Eicosenoic acid (20:1n9¢)  0.135 +£ 0.009 0.132 + 0.008 0.139 £ 0.005 0.04
Nervonic acid (24:1) 0.262 + 0.015 0.320 + 0.015 0.304 + 0.017 0.41
Total monounsaturated fatty acid level (MUFA) 10.96 + 0.542 10.104 + 0.437 10.259 + 0.611 0.10
Linoleic acid (18:2n6¢)  23.153 £+ 0.113 20.637 £ 0.149 2 22.174 +0.120 % 0.19
Linoleadic acid (18:2n6t)  0.033 £ 0.002 0.045 +0.002 2 0.038 £ 0.002 0.66
Gamma-linolenic acid (18:3n6)  0.115 + 0.014 0.069 + 0.008 b 0.070 + 0.006 P 0.88
Alpha-linolenic acid (18:3n3) 0.172 £ 0.082 0.097 4 0.013 P 0.118 +£0.011° 0.90
Eicosatrienoic acid (20:3n6)  2.034 £ 0.191 1.750 £0.159 2 1.750 £ 0.166 @ 0.30
Eicosapentaenoic acid (20:5n3)  0.242 £ 0.026 0.116 £+ 0.023 © 0.169 £ 0.017 2 0.95
Docosahexaenoic acid (22:6n3)  2.520 + 0.066 1.517 £ 0.0252 1.548 +0.037 @ 0.88
Eicosadienoic acid (20:2n6)  0.292 £ 0.018 0.278 + 0.019 0.255 £ 0.020 0.11
Eicosatetraenoic acid (20:4n6)  9.827 £ 0.265 8.914 £ 0.299 8.575 £+ 0.431 0.15
Total polyunsaturated fatty acid level (X PUFA) 38.388 4+ 1.478 33.423 +1.130P 34.697 +1.3422 0.26
Total unsaturated fatty acid level (CUSFA) 49.348 + 1.854 43.527 + 1.566 ° 44956 + 14152 0.22

Comparison of other stages according to the Baseline stage. a: p < 0.05; b: p < 0.01; c: p < 0.001. Comparison of
Exerciseonry and Exercisessupp phases. x: p < 0.05; 17p%: partial eta squared.

4. Discussion

This study aimed to examine the effects of an exercise program applied to sedentary
individuals and the use of pomegranate-black carrot juice mixture on serum mineral and
fatty acid levels and some biochemical parameters.

In this study, when the changes in serum biochemistry levels were evaluated (Table 1),
no statistical difference was observed between cholesterol levels of all stages. A decrease in
TG levels in the Exercise,ny and Exercise,supp phases was detected compared to the TG
level in the Baseline phase. In addition, while an increase was observed in the Exerciseqny
phase compared to the AST and ALT levels of the Baseline phase, a relative decrease was
detected in the AST and ALT levels of the Exercise.sypp phase. Considering the studies
conducted in this context, it has been reported that aerobic exercise significantly reduces
low-density lipoprotein cholesterol (LDL-C), very low-density lipoprotein cholesterol
(VLDL-C) and TG, while improving high-density lipoprotein cholesterol (HDL-C) [36]. It
has been reported in different studies that regular exercise has positive effects on LDL-C,
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TG and HDL-C [37,38]. Although the mechanisms underlying the effect of exercise on the
lipid profile are not clear, it is stated that exercise increases the ability of skeletal muscles to
use lipids instead of glycogen, thus reducing plasma lipid levels [39]. It has been reported
that AST and ALT levels increased significantly at the end of the run compared to before
the run in three different long-distance runs and ultramarathon runners [40,41]. In a study
conducted on pomegranate juice, it was reported that an 8-week combined application
(aerobic training and pomegranate juice intake) significantly reduced AST, ALT and Gamma
Glutamyl Transferase (GGT) enzymes compared to the aerobic training group alone and
the pomegranate juice group alone [42]. This effect of pomegranate juice is thought to be
due to its ability to reduce the activity of AST, ALT and GGT enzymes, possibly by reducing
blood glucose, increasing the glycation of antioxidant enzymes and the level of reactive
oxygen species (ROS) [43]. In line with the findings obtained in this study, the changes in
serum AST and ALT are similar to the research findings in the literature. We think that the
decrease in AST and ALT levels in the Exercise.supp phase back to the levels in the Baseline
phase is due to the effect of the pomegranate-black carrot juice mixture.

In this study, when the changes in serum mineral levels were evaluated (Table 2) and
compared to the Baseline phase, Mg, Mn, Fe and Zn levels decreased in the Exerciseony
phase, while only the Cu level increased. An increase in Cu, Mg and Zn levels was observed
in the Exercise,supp phase compared to the Exerciseyy)y phase. Minerals and trace elements
are micronutrients that play a role in hundreds of biological processes, and their deficiency
can negatively affect athletic performance [44]. Considering the studies conducted in this
context, it has been reported that Mg intake has a positive effect on exercise performance
and different muscle strength measurements [45-48]. It has been stated that exercise
performance is negatively affected by Mg deficiency [49,50]. Additionally, when studies
on Zn are examined, it has been observed that serum Zn levels decrease after exercise
compared to before exercise in different physical effort tests defined as aerobic endurance
and muscle strength [51-53]. It has been reported that Zn deficiency causes decreases in
physical performance and is associated with higher oxidative stress [54,55]. When we look
at the studies on Mg and Zn in the literature, it is seen that the intake of these minerals
has effects on exercise performance. When the findings of this research are evaluated, it is
thought that the Mg and Zn levels decreased in the Exercise,nyy phase and increased again
in the Exercise,supp phase due to the minerals contained in the pomegranate-black carrot
juice mixture.

When changes in serum fatty acid levels are evaluated (Table 3) in the Exerciseyny
phase, serum-saturated fatty acids of 6:0, 12:0, 14:0 and 18:0 fatty acids were found to be
statistically higher than the Baseline phase. Additionally, a relative increase in the 16:0 fatty
acid level was observed. It was observed that the levels of serum fatty acids 16:1, 18:2n6c,
18:3n6, 18:3n3, 20:3n6, 20:5n3 and 22:6n3 in the Exerciseonly phase decreased compared to
the Baseline phase. In addition, it was observed that 18:1n9c¢, 18:2n6c and 20:4n6 fatty acids,
which are important unsaturated fatty acids, decreased in the Exercise,)y phase compared
to the Baseline phase. It was observed that 18:2n6c fatty acid, which decreased with the
effect of the pomegranate-black carrot juice mixture, increased during the Exercise.supp
phase. Relative improvements in serum fatty acid levels were detected with the effect of
the pomegranate—black carrot juice mixture. 16:0 and 18:0 fatty acids are used as substrates
by the stearyl-CoA desaturase (A-9-desaturase) enzyme. Fatty acids are formed from 16:0
to 16:1 and from 18:0 to 18:1. Stearyl-CoA desaturase enzyme is a very important enzyme
for the biochemistry of the cell. It also plays a role in protecting the membrane structure of
the cell. Nutrition and hormones are effective in the activity of this enzyme [56]. In this
study, while the 18:0 level increases in the Exercise,)y phase, we think that the decrease in
the 18:1n9c level is due to decreases in the activity of the stearyl-CoA desaturase enzyme.
Looking at the studies conducted in this context, Lyudinina et al. (2018) reported that after
1.3 km and 15 km races in cross-country skiing athletes, there was no change in long-chain
fatty acid levels compared to the athletes’ initial values, while a significant increase was
observed in the levels of C10:0, C12:0 and C14:0 has been reported [57]. Gollasch et al.
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(2019) found that an acute maximal exercise resulted in relatively high plasma levels of
free fatty acids C16:0, C16:1, C18:0, C18:1 cis and C18:2, while there was no change in
the fatty acid level in erythrocytes. It has been stated that the levels of, C12:0, C14:1,
C18:3n-6, C20:4n-3 and C22:1 are relatively low [58]. Xu et al. (2021) found that the 4-week
combinatorial group (including exercise and dietary restriction) had significant changes in
body composition compared to the control group. Significant changes in SFAs, MUFAs and
especially a decrease in the levels of C14:0, C15:0, C18:0, C20:0, C22:0, C16:1n-7, C18:1n-9
and C20:1n-9 were also reported [59]. When studies on the effect of exercise (acute or
chronic) on fatty acid levels are examined, it has been observed that exercise can change
these levels. There are similarities between the research findings in the literature and the
findings of this study.

5. Limitations

This study has some limitations. First, the individuals participating in this study were
selected only from sedentary men and the sample size was limited. Second, there was no
purification between the stages and this study was conducted on a single sample group.

As a result, with the findings of this research, it was determined that pomegranate—
black carrot juice mixture showed positive corrective effects on serum AST, ALT, Zn, Mg and
some fatty acid levels from stress caused by exercise in sedentary individuals. It is thought
that further research is needed in both sedentary individuals and athlete groups to support
these research findings and explain the potential mechanisms underlying our findings.

Author Contributions: Conceptualization, K.B., V.C. and A.O.; methodology, K.B., V.C. and T.A;
validation, K.B., LA. and K.Y.A ; formal analysis, T.A. and Y.Y.; investigation, V.C. and K.Y.A.; data
curation, K.B., LA. and T.A.; writing—original draft preparation, K.B., A.O. and V.C.; writing—review
and editing, K.B., V.C., TA,, LR, A.F. and G.M.M.; visualization, L.R., A.F. and G.M.M.; supervision,
L.R. and A.F; project administration, G.M.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was supported by the Firat University Scientific Research Projects Coordination
Unit (FUBAP, project number: BSY.19.05).

Institutional Review Board Statement: Before starting this research, ethical approval was received
from Firat University /Non-Interventional Research Ethics Committee, dated 25 April 2019, meeting
number 07 and decision number 15.

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

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

References

1. Beck, K.L.; von Hurst, PR.; O’Brien, W.J.; Badenhorst, C.E. Micronutrients and athletic performance: A review. Food Chem. Toxicol.
2021, 158, 112618. [CrossRef] [PubMed]

2. Mason, S.A.; Trewin, A.].; Parker, L.; Wadley, G.D. Antioxidant supplements and endurance exercise: Current evidence and
mechanistic insights. Redox Biol. 2020, 35, 101471. [CrossRef] [PubMed]

3.  Rao, A.V,; Rao, L.G. Carotenoids and human health. Pharmacol. Res. 2007, 55, 207-216. [CrossRef] [PubMed]

4. Mojikon, ED.; Kasimin, M.E.; Molujin, A.M.; Gansau, J.A.; Jawan, R. Probiotication of Nutritious Fruit and Vegetable Juices: An
Alternative to Dairy-Based Probiotic Functional Products. Nutrients 2022, 14, 3457. [CrossRef] [PubMed]

5. Dzugan, M.; Wesolowska, M.; Zaguta, G.; Puchalski, C. The comparison of the physicochemical parameters and antioxidant
activity of homemade and commercial pomegranate juices. Acta Sci. Pol. Technol. Aliment. 2018, 17, 59-68. [CrossRef] [PubMed]

6.  Barati Boldaji, R.; Akhlaghi, M.; Sagheb, M.M.; Esmaeilinezhad, Z. Pomegranate juice improves cardiometabolic risk factors,
biomarkers of oxidative stress and inflammation in hemodialysis patients: A randomized crossover trial. . Sci. Food Agric. 2020,
100, 846-854. [CrossRef]

7. Asgary, S.; Karimi, R.; Pour, PM.; Heydarpour, F; Mostafaei, S.; Farzaei, M.H.; Moradi, S.; Aneva, LY. Is Consumption of

Pomegranate Supplementation Effective on Oxidative Stress Biomarkers Including MDA, ox-LDL, POX 1, GPX, TAC, and TBRAS?
A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Curr. Probl. Cardiol. 2023, 48, 101198. [CrossRef]

78



Appl. Sci. 2024, 14, 7284

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Fuster-Murioz, E.; Roche, E.; Funes, L.; Martinez-Peinado, P.; Sempere, ] M.; Vicente-Salar, N. Effects of pomegranate juice in
circulating parameters, cytokines, and oxidative stress markers in endurance-based athletes: A randomized controlled trial.
Nutrition 2016, 32, 539-545. [CrossRef]

Vuci¢, V,; Grabez, M.; Trchounian, A.; Arsi¢, A. Composition and Potential Health Benefits of Pomegranate: A Review. Curr.
Pharm. Des. 2019, 25, 1817-1827. [CrossRef]

Kamiloglu, S.; Camp, ].V.; Capanoglu, E. Black carrot polyphenols: Effect of processing, storage and digestion- an overview.
Phytochem. Rev. 2018, 17, 379-395. [CrossRef]

Sharma, K.D.; Karki, S.; Thakur, N.S.; Attri, S. Chemical composition, functional properties and processing of carrot—A review.
J. Food Sci. Technol. 2012, 49, 22-32. [CrossRef]

Raczyk, M.; Kruszewski, B.; Zachariasz, E. Effect of Tomato, Beetroot and Carrot Juice Addition on Physicochemical, Antioxidant
and Texture Properties of Wheat Bread. Antioxidants 2022, 3, 2178. [CrossRef]

Aytac, K\Y,; Ozkaya, A.; Oztekin, A.; Cinar, V.; Akbulut, T.; Demirbag, R.; Comakli, V.; Bozbay, K. The Effect of Pomegranate-Black
Carrot Juice on Serum and Erythrocytes of Sedentary Subjects Exposed to Exhausting Exercise. J. Chem. 2023, 2023, 9489018.
[CrossRef]

Hazar, M,; Otag, A.; Otag, I.; Sezen, M.; Sever, O. Effect of increasing maximal aerobic exercise on serum muscles enzymes in
professional field hockey players. Glob. J. Health Sci. 2014, 7, 69-74. [CrossRef] [PubMed]

Pettersson, J.; Hindorf, U.; Persson, P.; Bengtsson, T.; Malmqvist, U.; Werkstrom, V.; Ekelund, M. Muscular exercise can cause
highly pathological liver function tests in healthy men. Br. J. Clin. Pharmacol. 2008, 65, 253-259. [CrossRef] [PubMed]

Lippi, G.; Schena, E; Salvagno, G.L.; Montagnana, M.; Gelati, M.; Tarperi, C.; Banfi, G.; Guidi, G.C. Acute variation of biochemical
markers of muscle damage following a 21-km, half-marathon run. Scand. . Clin. Lab. Investig. 2008, 68, 667-672. [CrossRef]
[PubMed]

Pal, S.; Chaki, B.; Chattopadhyay, S.; Bandyopadhyay, A. High-Intensity Exercise Induced Oxidative Stress and Skeletal Muscle
Damage in Postpubertal Boys and Girls: A Comparative Study. J. Strength. Cond. Res. 2018, 32, 1045-1052. [CrossRef] [PubMed]
Ratnayake, W.M.; Galli, C. Fat and fatty acid terminology, methods of analysis and fat digestion and metabolism: A background
review paper. Ann. Nutr. Metab. 2009, 55, 8—43. [CrossRef]

Muscella, A.; Stefano, E.; Lunetti, P.; Capobianco, L.; Marsigliante, S. The Regulation of Fat Metabolism During Aerobic Exercise.
Biomolecules 2020, 10, 1699. [CrossRef] [PubMed]

Bengin, E.; Kirtepe, A.; Cinar, V.; Akbulut, T.; Russo, L.; Aydemir, I; Migliaccio, G.M. Leptin, Ghrelin, Irisin, Asprosin and Subfatin
Changes in Obese Women: Effect of Exercise and Different Nutrition Types. Medicina 2024, 60, 1118. [CrossRef] [PubMed]
Gemmink, A.; Schrauwen, P.; Hesselink, M.K.C. Exercising your fat (metabolism) into shape: A muscle-centred view. Diabetologia
2020, 63, 1453-1463. [CrossRef]

Akbulut, T,; Cinar, V.; Aydin, S.; Yardim, M. The role of different exercises in irisin, heat shock protein 70 and some biochemical
parameters. . Med. Biochem. 2022, 41, 149-155. [CrossRef]

Jeppesen, J.; Kiens, B. Regulation and limitations to fatty acid oxidation during exercise. J. Physiol. 2012, 590, 1059-1068. [CrossRef]
Alves Vas, EJ.; Grijota Pérez, E]J.; Toro-Roman, V.; Sanchez, I.B.; Maynar Marifio, M.; Barrientos Vicho, G. Changes in the Fatty
Acid Profile in Erythrocytes in High-Level Endurance Runners during a Sports Season. Nutrients 2024, 16, 1895. [CrossRef]
Corsetto, P.A.; Montorfano, G.; Klersy, C.; Massimino, L.; Infantino, V.; Iannello, G.; Anna Faliva, M.; Lukaski, H.; Perna, S.;
Alalwan, T.A; et al. Fatty Acid Profile and Antioxidant Status Fingerprint in Sarcopenic Elderly Patients: Role of Diet and
Exercise. Nutrients 2019, 11, 2569. [CrossRef]

Martin, W.H. Effects of acute and chronic exercise on fat metabolism. Exerc. Sport Sci. Rev. 1996, 24, 203-231. Available online:
https:/ /pubmed.ncbinlm.nih.gov /8744251 / (accessed on 3 January 2024). [CrossRef]

Lipina, C.; Hundal, H.S. Lipid modulation of skeletal muscle mass and function. J. Cachexia Sarcopenia Muscle 2017, 8, 190-201.
[CrossRef]

Ammar, A.; Turki, M.; Hammouda, O.; Chtourou, H.; Trabelsi, K.; Bouaziz, M.; Abdelkarim, O.; Hoekelmann, A.; Ayadi, F.;
Souissi, N.; et al. Effects of Pomegranate Juice Supplementation on Oxidative Stress Biomarkers Following Weightlifting Exercise.
Nutrients 2017, 9, 819. [CrossRef]

Migliaccio, G.M.; Di Filippo, G.; Russo, L.; Orgiana, T.; Ardigo, L.P,; Casal, M.Z.; Peyré-Tartaruga, L.A.; Padulo, J. Effects of
Mental Fatigue on Reaction Time in Sportsmen. Int. |. Environ. Res. Public. Health 2022, 19, 14360. [CrossRef]

Racil, G.; Russo, L.; Migliaccio, G.M.; Signorelli, P.; Larion, A.; Padulo, ].; Jlid, M.C. High-Intensity Interval Training in Female
Adolescents with Moderate or Severe Obesity. Children 2023, 10, 1495. [CrossRef]

Racil, G.; Chelly, M.-S.; Coquart, J.; Padulo, J.; Teodor, D.E; Russo, L. Long- and Short-Term High-Intensity Interval Training on
Lipid Profile and Cardiovascular Disorders in Obese Male Adolescents. Children 2023, 10, 1180. [CrossRef]

Annag, E.; Ugkun, M.; Ozkaya, A.; Yologlu, E.; Pekmez, H.; Bulmus, (oF Aydin, A. The protective effects of pomegranate juice on
lead acetate-induced neurotoxicity in the male rat: A histomorphometric and biochemical study. ]. Food Biochem. 2022, 46, e13881.
[CrossRef]

Akhtar, S.; Rauf, A.; Imran, M.; Qamar, M.; Riaz, M.; Mubarak, M.S. Black carrot (Daucus carota L.), dietary and health promoting
perspectives of its polyphenols: A review. Trends Food Sci. Technol. 2017, 66, 36—47. [CrossRef]

79



Appl. Sci. 2024, 14, 7284

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Ciftci, H.; Ozkaya, A.; Kariptas, E. Determination of fatty acids, vitamins and trace elements in Pistacia terebinthus coffee. J. Food
Agric. Environ. 2009, 7, 72-74. Available online: https:/ /openaccess.ahievran.edu.tr/xmlui/handle/20.500.12513 /2605 (accessed
on 3 January 2024).

Hara, A.; Radin, N.S. Lipid extraction of tissues with a low-toxicity solvent. Anal. Biochem. 1978, 90, 420-426. [CrossRef]
Gordon, B.; Chen, S.; Durstine, ].L. The effects of exercise training on the traditional lipid profile and beyond. Curr. Sports Med.
Rep. 2014, 13, 253-259. [CrossRef]

Trejo-Gutierrez, ].E,; Fletcher, G. Impact of exercise on blood lipids and lipoproteins. J. Clin. Lipidol. 2007, 1, 175-181. [CrossRef]
Afsin, A.; Bozyilan, E.; Asoglu, R.; Hosoglu, Y.; Diindar, A. Effects of regular exercise on inflammatory biomarkers and lipid
parameters in soccer players. J. Immunoassay Immunochem. 2021, 42, 467-477. [CrossRef]

Earnest, C.P; Artero, E.G.; Sui, X.; Lee, D.C.; Church, T.S.; Blair, S.N. Maximal estimated cardiorespiratory fitness, cardiometabolic
risk factors, and metabolic syndrome in the aerobics center longitudinal study. Mayo Clin. Proc. 2013, 88, 259-270. [CrossRef]
Shin, K.A ; Park, K.D.; Ahn, J.; Park, Y.; Kim, Y.J. Comparison of Changes in Biochemical Markers for Skeletal Muscles, Hepatic
Metabolism, and Renal Function after Three Types of Long-distance Running: Observational Study. Medicine 2016, 95, e3657.
[CrossRef]

Tirabassi, ].N.; Olewinski, L.; Khodaee, M. Variation of Traditional Biomarkers of Liver Injury After an Ultramarathon at Altitude.
Sports Health. 2018, 10, 361-365. [CrossRef]

Nemati, S.; Tadibi, V.; Hoseini, R. Pomegranate juice intake enhances the effects of aerobic training on insulin resistance and liver
enzymes in type 2 diabetic men: A single-blind controlled trial. BMC Nutr. 2022, 8, 48. [CrossRef] [PubMed]

Olvera-Sandoval, C.; Fabela-Illescas, H.E.; Fernandez-Martinez, E.; Ortiz-Rodriguez, M.A.; Carifio-Cortés, R.; Ariza-Ortega, J.A.;
Hernandez-Gonzalez, ].C.; Olivo, D.; Valadez-Vega, C.; Belefant-Miller, H.; et al. Potential Mechanisms of the Improvement of
Glucose Homeostasis in Type 2 Diabetes by Pomegranate Juice. Antioxidants 2022, 11, 553. [CrossRef]

Volpe, S.L. Micronutrient requirements for athletes. Clin. Sports Med. 2007, 26, 119-130. [CrossRef] [PubMed]

Cheng, S.M.; Yang, L.L.; Chen, S.H.; Hsu, M.H.; Chen, 1].; Cheng, F.C. Magnesium sulfate enhances exercise performance and
manipulates dynamic changes in peripheral glucose utilization. Eur. ]. Appl. Physiol. 2010, 108, 363-369. [CrossRef] [PubMed]
Gedmantaite, A.; Celis-Morales, C.A.; Ho, F; Pell, ].P; Ratkevicius, A.; Gray, S.R. Associations between diet and handgrip
strength: A cross-sectional study from UK Biobank. Mech. Ageing Dev. 2020, 189, 111269. [CrossRef]

Setaro, L.; Santos-Silva, P.R.; Nakano, E.Y.; Sales, C.H.; Nunes, N.; Greve, ].M.; Colli, C. Magnesium status and the physical
performance of volleyball players: Effects of magnesium supplementation. J. Sports Sci. 2014, 32, 438-445. [CrossRef]
Dominguez, L.J.; Barbagallo, M.; Lauretani, F.; Bandinelli, S.; Bos, A.; Corsi, A.M.; Simonsick, E.M.; Ferrucci, L. Magnesium and
muscle performance in older persons: The INCHIANTI study. Am. J. Clin. Nutr. 2006, 84, 419-426. [CrossRef]

Bohl, C.H.; Volpe, S.L. Magnesium and exercise. Crit. Rev. Food Sci. Nutr. 2002, 42, 533-563. [CrossRef]

Lukaski, H.C.; Nielsen, FH. Dietary magnesium depletion affects metabolic responses during submaximal exercise in post-
menopausal women. J. Nutr. 2002, 132, 930-935. [CrossRef]

Chu, A.; Petocz, P; Samman, S. Plasma/Serum Zinc Status During Aerobic Exercise Recovery: A Systematic Review and
Meta-Analysis. Sports Med. 2017, 47, 127-134. [CrossRef]

Granell, J. Zinc and copper changes in serum and urine after aerobic endurance and muscular strength exercise. J. Sports Med.
Phys. Fitness. 2014, 54, 232-237. Available online: https:/ /europepmc.org/article/med /24509996 (accessed on 3 January 2024).
[PubMed]

Maynar, M.; Munoz, D.; Alves, J.; Barrientos, G.; Grijota, FJ.; Robles, M.C.; Llerena, F. Influence of an Acute Exercise Until
Exhaustion on Serum and Urinary Concentrations of Molybdenum, Selenium, and Zinc in Athletes. Biol. Trace Elem. Res. 2018,
186, 361-369. [CrossRef] [PubMed]

Lukaski, H.C. Low dietary zinc decreases erythrocyte carbonic anhydrase activities and impairs cardiorespiratory function in
men during exercise. Am. J. Clin. Nutr. 2005, 81, 1045-1051. [CrossRef] [PubMed]

Song, Y.; Leonard, S.W.; Traber, M.G.; Ho, E. Zinc deficiency affects DNA damage, oxidative stress, antioxidant defenses, and
DNA repair in rats. J. Nutr. 2009, 139, 1626-1631. [CrossRef]

Ntambi, ].M. Regulation of stearoyl-CoA desaturase by polyunsaturated fatty acids and cholesterol. ]. Lipid Res. 1999, 40,
1549-1558. [CrossRef]

Lyudinina, A.Y.; Ivankova, G.E.; Bojko, E.R. Priority use of medium-chain fatty acids during high-intensity exercise in cross-
country skiers. J. Int. Soc. Sports Nutr. 2018, 15, 57. [CrossRef]

Gollasch, B.; Dogan, I.; Rothe, M.; Gollasch, M.; Luft, EC. Maximal exercise and erythrocyte fatty-acid status: A lipidomics study.
Physiol. Rep. 2019, 7, e14040. [CrossRef]

Xu, L.; Zou, X.; Gao, Z.; Mao, C.; Su, H.; Li, C.; Chen, N. Improved fatty acid profile reduces body fat and arterial stiffness in obese
adolescents upon combinatorial intervention with exercise and dietary restriction. J. Exerc. Sci. Fit. 2021, 19, 234-240. [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.

80



Firied applied

sciences

Article

Perceptions and Practices of Accredited Tennis Coaches When
Teaching Foundational Grip Development

Nicholas A. Busuttil >3, Alexandra H. Roberts 2, Marcus Dunn *°, Minh Hyunh 2 and Kane J. Middleton 2*

1 Institute for Health and Sport, Victoria University, Melbourne, VIC 3011, Australia; nick.busuttil@vu.edu.au

Sport, Performance, and Nutrition Research Group, School of Allied Health, Human Services and Sport,

La Trobe University, 1 Kingsbury Drive, Bundoora, Melbourne, VIC 3083, Australia;

alexhroberts17@gmail.com (A.H.R.); m.huynh@latrobe.edu.au (M.H.)

Performance Science, Research and Innovation, The Movement Institute, Melbourne, VIC 3042, Australia

4 School of Energy, Geoscience, Infrastructure and Society, Heriot-Watt University, Edinburgh EH14 4AS, UK;
marcus.dunn@hw.ac.uk

5 Centre for Sports Engineering Research, Sheffield Hallam University, Sheffield S9 3TY, UK

*  Correspondence: k.middleton@latrobe.edu.au

Abstract: This study aimed to understand how tennis coaches perceive and approach the develop-
ment of grip positions, a foundational skill in tennis. Professionally accredited coaches, classed as less
(n = 140) or more (n = 86) experienced, participated in an online survey where they provided their
perspectives on the importance of developing grip positions and their opinions on using physically
constraining tools for coaching. Irrespective of coach experience level, the findings revealed that
technique development and grip position training were ranked as the two most important compo-
nents in foundational tennis skill development. The Semi-western grip for forehand (less: 68%; more:
65%), a combination of Continental and Eastern grips for double-handed backhand (less: 59%; more:
48.8%), and the Continental grip for serves (both: 94%) were identified as the most commonly taught
positions for different shots. Perceived barriers to developing grip positions were out of habit (less:
62%; more: 56%), discomfort (less: 58%; more: 50%), and lack of confidence (less: 44%; more: 21%).
Notably, 65% of coaches expressed an openness to incorporating physically constraining tools to
enhance grip-specific skill development. Overall, this study serves as a foundational resource, guid-
ing coaches in optimising their strategies for foundational tennis development, prompting further
research in this area.

Keywords: coaching; pedagogy; tennis; grip positions

1. Introduction

Individuals require the parallel development of effective shot mechanics, motor coor-
dination, physical conditioning, and tactical development for sport-specific skills. In tennis,
sport-specific skills include, but are not limited to the serve, groundstrokes (forehand and
backhand) and volleys [1]. One skill that is highly important to racket- and club-based
sports is the use of different grip positions, as they provide a fundamental contribution to
effective techniques [1,2]. Grip positions in tennis orientate the hand around the racket’s
handle to execute a stroke. Each grip position (e.g., Continental, Western, Semi-Western,
Eastern) has different implications for both performance and injury [3-5], which have been
shown to affect upper limb, racket, and ball kinematics in the forehand and double-handed
backhand tennis strokes [3,6,7]. Specifically, the Eastern grip position has been featured
with increased horizontal racket head velocity across the forehand and backhand, suggest-
ing an improvement in hitting performance [3,7], whereas the Continental and Western grip
positions are featured with increased ulnar deviation [3,6], a rotation which if excessive is
suggested to increase extensor carpi ulnaris-based injuries [5,6]. These differences are also
evident in golf, where grip positions have been associated with changes in ulnar deviation
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and clubhead velocity [2,8], suggesting that grip positions have a fundamental contribution
to shot performance.

During the early years of foundational tennis development, grip positions inherently
evolve through methodology by coaches that encourage discovery. Traditionally, these grip
positions were predominantly trained during the initial stages of tennis development, with
specific positions selected and taught by coaches [9]. Common skill development methods
used by coaches include skill decomposition, optimal technique demonstration, utilising
feedback strategies, and skill isolation from the performance environment [10-12]. An
additional method that coaches employ is the utilisation of physically constraining tools
(PCTs). These are devices that physically constrain and /or guide an athlete’s movement [13]
and are used to facilitate skill development. PCTs may be considered traditional tools in
coaching, fixing movement to predefined movement planes and positions. Past research
has reported that training with a PCT improves shot accuracy during a golf drive compared
with training without a PCT [13]; however, such devices do not provide practicality and
possibly remove learners from a representative performance environment. To date, there is
a limited understanding of the use of PCTs, with a recent scoping review reporting zero
studies on the efficacy of PCTs for grip-specific skill development [14]. Grip positions and
their effects on performance and injury has been a growing body of research [3,5-8,14];
however, little is known about coaches’ considerations when developing grip positions.
Understanding the considerations of accredited tennis coaches when developing grip
positions may provide essential information for best-practice recommendations in aiding
foundational tennis development.

Grip positions of established tennis players have been documented in relation to per-
formance [15] and injury association [5]; however, limited research details the perceptions
and related practices of accredited tennis coaches when teaching grip positions during
foundational tennis development. The experiential knowledge of expert coaches has pre-
viously been suggested to provide complementary information to support the empirical
understanding of performance in sports and to guide future research questions [16,17]. Ex-
ploring the perceptions and practices of accredited tennis coaches provides the opportunity
to understand the current insights across experience levels, and initially understand the
practical considerations about grip positions to develop practitioner-led research.

The purpose of this exploratory study was to understand the current perceptions and
practices of accredited tennis coaches regarding the development of grip positions, and their
opinions on using PCTs to assist development. It was hypothesised that more experienced
coaches would have similar priorities during foundational tennis development compared
with less experienced coaches. It was also hypothesised that only a limited number of
coaches, irrespective of experience level, would not use a physically constraining tool for
grip-specific skill development.

2. Materials and Methods
2.1. Study Design

The following study was an online questionnaire that was approved by the La Trobe
University Human Ethics Committee (#HEC20336).

2.1.1. Questionnaire Development

An online questionnaire was developed comprising questions related to important
factors in tennis stroke development, grip positions, and perceptions of the use of PCTs for
grip positions. The questionnaire was piloted in the form of cognitive interviews [18-20]
with eight professional tennis coaches who were not included in the final sample. The
purpose of cognitive interviewing is to pre-test and validate questionnaires, which is a
valuable process when surveying specific groups to ensure that meaning of concepts and
terms are shared between the researcher(s) and participants, and to help reduce participant
questionnaire non-completion [18]. Based on feedback, changes were made to improve
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the clarity of instructions within the online form to create the final online version of
the questionnaire.

The questionnaire was divided into three categories. Section one asked for background
information, including the participants” demographics, tennis coaching experience and
qualifications, educational qualifications, and athlete demographics/ability level. Section
two asked for information about participants” current practices when teaching grip posi-
tions, and probed both student adherence to and difficulties with these positions. Section
three asked for the participant’s opinions on the use of PCTs for grip-specific skill develop-
ment in tennis. Participants were asked for their opinion on the utility and efficacy of PCTs
to help athletes learn and transfer new grip positions into match-play and their likelihood
of using a PCT in their coaching should it be readily available.

2.1.2. Procedure

An a priori goodness-of-fit test for contingency tables was conducted using G*Power
(V 3.1.9.7, Keil, Germany). With an effect size (w) of 0.3, an « error probability of 0.05,
80% power, and 2 degrees of freedom, a sample size of 108 participants would be required
(x2 =5.99, A =9.72). Participants completed a 15 min, anonymous online questionnaire
in REDCap (Research Electronic Data Capture, Fort Lauderdale, FL, USA; [21]). The
data collection period was from 1 October 2020 to 30 March 2021. Prior to beginning the
questionnaire, participants were provided with relevant study information, a consent form
via email, and an optional link to the questionnaire. As this was an optional link, consent
was implied when the participant chose to begin the questionnaire. The questionnaire
was distributed via email to national tennis organisations, inviting their member coaches
to participate, as well as through the personal social media channels of the researchers.
Snowball sampling [22] was also used, encouraging coaches to forward the questionnaire
to their colleagues. Participants were above 18 years of age, held professionally recognised
tennis coaching certificates/qualifications, were previously and/or currently involved in
tennis coaching, and could read and understand English.

2.1.3. Analysis

Data obtained through the online questionnaire were exported to Microsoft Excel (V.
2112, Microsoft 365, MSO, Redmond, WA, USA) and formatted for statistical and descrip-
tive analysis. A cluster analysis (R Package Version 1.0.7; [23]) categorised participants
into ‘less” and ‘more” experienced coaches. Within this analysis, coaching and educational
qualifications, and the total number of years and hours per week of coaching was used
to determine the level of experience. The cluster analysis revealed that on average, less
experienced coaches had lower levels of formal coaching education (Level 1 or 2 coaching
accreditation) and eight years of coaching experience ranging between 11 and 20 h per
week, whereas more experienced coaches had higher levels of formal coaching educa-
tion (Level 3 or 4 coaching accreditation) and twenty-eight years of coaching experience
ranging between 21 and 30 h per week. For questions where participants were able to
select multiple responses, answers were grouped into ‘single” or ‘multiple’ responses for
analysis. For example, when coaches were asked what specific forehand grip positions
they taught in their lessons, only selecting the ‘Eastern forehand” was considered a single
response, whereas selecting both ‘Eastern forehand” and ‘Semi-Western” was considered a
multiple response.

2.1.4. Coach Demographics

Two hundred and twenty-six accredited tennis coaches (less experience: n = 140;
more experience: n = 86; Male 86.7%, female 12.4%, prefer not to disclose 0.9%; age:
41.1 £ 13.9 years; experience coaching: 15.8 4= 11.8 years) across 40 countries took part in
this study, with 65% of respondents from United States, Austria, Slovenia, Australia, and
the United Kingdom (Table 1). Most participants were male, the age and number of years

83



Appl. Sci. 2024, 14, 7127

coaching was lower for less experienced coaches, and more experienced coaches coached a
greater percentage of athletes between the ages of 11 and 17 (Table 1).

Table 1. Demographics of coaches across experience levels.

Coaching Experience

Less (n = 140) More (n = 86)
Gender (%)
Male 85.0 89.5
Female 14.3 9.3
Not disclosed 0.7 1.2
Age (years, mean + SD) 344+ 11.3 52.0 4+ 10.6
Coaching time (years, mean =+ SD) 8.1+4.6 28.4+9.0
Coached age group (years, %)
3to6 214 221
7 t0 10 61.4 442
11 to 14 63.6 79.1
15to 17 41.4 55.8
18+ 421 48.8

Statistical analysis was performed in Jamovi (V 2.3.12.0, Jamovi Project, 2022). Data
normality was checked via visual inspection of Quantile-Quantile plots, and based on this
inspection, data were analysed using non-parametric statistics. For categorical variables
(as expressed in the example above), the Chi-Squared test (x?) was used to assess the
statistical association between groups, and Cramer’s V' to calculate effect sizes (0.10 small;
0.30 medium; 0.50 large), as previously used within a cohort of tennis coaches [24]. Where
appropriate, the Kruskal-Wallis test was used to assess the statistical significance specif-
ically for the likelihood of using PCTs during the coach’s training sessions. All analyses
were compared between less and more experienced coaches, with the alpha level set at
0.05.

3. Results
3.1. Coach Perceptions of Foundational Development

When asked to rank foundational athlete development concepts (training grip po-
sitions; physical conditioning; technique development; court movement; transferring
concepts from training to match-play) on a scale of 1 (most important) to 5 (least impor-
tant), there were no statistical associations between those ranked 1-4 among less and more
experienced coaches (p > 0.050). There was a significant association at ranking level five
()(2 =13.7, p =0.008, V = 0.246), where less experienced coaches indicated that for foun-
dational development, transferring concepts from training to match-play was the least
important (56.5%) compared with more experienced coaches, who stated that physical
conditioning was least important (41.7%). Technique development was either the first or
second most important aspect of foundational development, irrespective of experience
level (Table 2). Of these concepts, there was a significant association for how challenging
these aspects are during foundational development (x? = 3.9, p = 0.047, V = 0.132). Com-
pared with more experienced coaches, less experienced coaches responded with a lower
percentage of singular responses (less experienced: 52.9%; more experienced: 66.3%) and
a higher percentage of multiple responses (less experienced: 47.1%; more experienced:
33.7%). Approximately half of the coaches selected that transferring concepts from training
into match-play was difficult, whereas physical conditioning was chosen the least (Table 3).
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Table 2. Contingency table of accredited tennis coaches’ responses to what aspects are most important

during foundational tennis player development.

Less Experienced

More Experienced

Level of Importance

(1 Most; 5 Least) TGP PC TD CM MP TGP PC TD CM MP p
Percentage (%)
1 37.2 8.6 40.7 8.6 49 29.1 5.8 46.5 11.5 7.1 0.584
2 21.5 12.1 42.8 19.2 4.4 19.7 59 34.9 30.3 9.2 0.092
3 21.4 15.7 10.8 443 7.8 17.5 13.0 11.5 41.7 16.3 0.371
4 9.3 35 51 242 26.4 14.0 33.6 5.8 10.6 36.0 0.087
*5 10.6 28.6 0.6 3.7 56.5 19.7 41.7 1.3 59 31.4 0.008 *

TGP = training grip positions; PC = physical conditioning; TD = technique development; CM = court movement;
MP = transferring concepts from training to match-play. Asterisk (*) refers to a significant association p < 0.050.

Table 3. Frequency count (expressed as percentages) of accredited tennis coaches” perceptions of
what aspects are most challenging during foundational tennis player development.

Experience Level

Developmental Concepts Less More
Percentage (%)
TGP 30.7 23.3
PC 229 15.1
D 45.0 39.5
CM 30.0 31.4
MP 46.4 54.7

TGP = training grip positions; PC = physical conditioning; TD = technique development; CM = court movement;
MP = transferring concepts from training to match-play. The presented test of association result (x = 3.9, p = 0.047)
represents answers that were grouped into ‘single” or ‘multiple’ responses for each developmental concept.

3.1.1. Grip Position Practices by Coaches and Associated Perceptions

Irrespective of experience level, coaches indicated that grip positions should be
adhered to between the ages of 7 and 10 years old (less experienced = 66.7%; more
experienced = 68.4%); however, there was no significant association. For coaching grip
positions in the serve, forehand, and double-handed backhand, there were no significant
associations between experience levels for singular (e.g., Continental) or multiple (e.g.,
Continental and Eastern forehand) taught grips, or the age at which they were implemented
by coaches (p > 0.050). A trend was observed that the Continental, Eastern forehand, and
Semi-western forehand grip positions are mainly taught by coaches. In the serve and
dominant hand for double-handed backhands, the Continental was the taught grip posi-
tion, whereas in the forehand and non-dominant hand for double-handed backhands, the
Eastern forehand and Semi-western grip position were the most taught by coaches. When
asked at what age they (the coach) would implement the specific grip position for an athlete,
the serve grip was predominantly taught between 7 and 10 years of age (less experienced
coaches) or between 11 and 14 years old (more experienced coaches), and between 7 and 10
years for the forehand and backhand, irrespective of coach experience level (Tables 4 and 5).
Less experienced coaches (61.4%) indicated that their athletes use their own grip positions
rather than the coach’s suggested grip compared with more experienced coaches (55.8%);
however, there was no significant association. There was a significant association for the
perceived reasons why athletes ‘revert” from their coach-instructed grip positions (x? = 6.4,
p =0.011, V = 0.219). More experienced coaches responded with singular causes more
(less experience: 33.6%; more experience: 56.1%; e.g., discomfort from suggested grip use)
compared with less experienced coaches who responded with multiple responses more
(less experienced: 66.4%; more experienced: 43.9%; e.g., discomfort from suggested grip
use and not confident). The most frequent perceived causes (by the coach) for ‘reverting’
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grip positions by athletes are hand discomfort (less experienced: 58.1%; more experienced:
50%) and out of habit (Table 4; less experienced: 61.6%; more experienced: 56.3%).

Table 4. Frequency count (expressed as percentages) of accredited tennis coaches’ practices for
grip positions across strokes, and the perceptions of reasons why athletes revert to their preferred
grip positions.

Experience Level

Strokes and Grip Position Variables Less More P
Percentage (%)
Serve 0.852
Continental 93.6 93.9
Forehand 0.936
Eastern forehand 48.6 48.8
Western 5.7 8.1
Semi-western 67.9 65.1
Continental 43 2.3
Other 5.0 9.3
Double-handed backhand 0.394
Continental /Eastern forehand 59.3 47.7
Continental /Semi-western 25.7 314
Eastern backhand /Semi-western 12.9 14.0
Eastern backhand /Continental 8.6 9.3
Eastern backhand /Eastern forehand 7.1 10.5
Continental /Continental 6.4 3.5
Other 5.7 7.0
Perceived causes of reverting grip 0.011*
Discomfort from suggested grip use 58.1 50.0
Hand grip not strong enough 20.9 22.9
They refuse to 3.5 6.3
Out of habit 61.6 56.3
Not confident 44.2 20.8
Other 10.5 18.8

Presented test of association (x?) results represent answers that were grouped into ‘single” or ‘multiple” responses
for each variable of the serve, forehand, double-handed backhand, and perceived causes of reverting grip. Asterisk
(*) refers to a significant association p < 0.050.

Table 5. Frequency count (expressed as percentages) of accredited tennis coaches’ practices for what
age they implement grip positions across strokes.

Experience Level

Age Range Serve Forehand Backhand
Less More Less More Less More
Percentage (%)
3to6 179 0.0 32.1 36.0 31.4 26.7
7to 10 67.9 15.3 55.0 57.0 55.7 66.3
11to 14 12.1 68.2 10.0 4.7 10.0 4.7
15to 17 0.7 15.3 0.7 1.2 0.7 1.2
18+ 14 1.2 2.1 1.2 2.1 1.2
P 0.946 0.936 0.446

Presented test of association (x?) results represent answers that were grouped into ‘single’ or ‘multiple’ responses
for each variable of the serve, forehand, and backhand strokes.

3.1.2. Coach Perceptions from Using a Physically Constraining Tool

There was no statistical association (p > 0.050) between less and more experienced
coaches for any question regarding the use of PCTs. Approximately half of the coaches
indicated that using a grip position tool would facilitate improved learning of tennis strokes.
Of the coaches that responded with either ‘yes’ or ‘unsure’ for the previous question, slightly
less (less experienced: 43.0%; more experienced: 49.3%) indicated that using a PCT would
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facilitate skill transfer from training into match-play environments, with ‘unsure’ responses
increasing irrespective of coach experience (Table 6). Of the same participants, 65% of
coaches indicated that they would use a PCT during their training if readily available.

Table 6. Frequency count (expressed as percentages) of accredited tennis coaches’ perceptions on
using a physically constraining tool to facilitate learning and transfer from training into match-play,
and the likelihood of coaches implementing a physically constraining tool into their training.

Experience Level

14
Less More
Training Tool Scenario Yes Unsure No Yes Unsure No
Percentage (%)
Learn 51.5 35.1 13.6 441 36.0 19.7 0.392
Transfer 43.0 43.8 13.2 49.3 39.1 11.6 0.703
Mean & SD

Likelihood of use 64.2 £23.5 66.3 £24.2 0.532

Likelihood of use variable represents the test of association results (Kruskal-Wallis one-way ANOVA, p = 0.532).

4. Discussion

The purpose of this study was to explore the current perceptions of accredited tennis
coaches regarding foundational development, including grip positions in youth athletes,
and opinions on using a PCT for developing grip positions. Our hypotheses were supported
as coaches, irrespective of experience level, and the priorities during foundational tennis
development were similar from levels 1 to 3; however, more experience indicated that
physical conditioning is the least important component during foundational development,
whereas less experienced coaches stated that transferring concepts from training to match-
play is the least important. In relation to grip positions, the coaches” main perceived reasons
for why their athletes ‘revert’ their grip positions were hand discomfort and habit, with
65% of coaches would use a PCT device to develop grip positions if readily available.

4.1. Foundational Tennis Development

Tennis is a complex sport that requires the cohesive development of technical, physical,
mental, and tactical characteristics from an early age. Conventionally, a coach takes on the
role of an instructor to help develop these characteristics through purposeful and deliberate
practice [25]. The results of this study showed that irrespective of the experience level,
coaches emphasised the importance of technical training, as technique development and
training grip positions were indicated as the most important areas during foundational
tennis development. This implies that many coaches may initially focus on stroke execution
with new athletes, which is a fundamental aspect in tennis to create efficient and effective
shot mechanics [1]. Well-developed shot mechanics are crucial for shot performance so
that favourable outcomes (e.g., winners and forced errors) can be achieved, as well as
to reduce the risk of overuse and acute injuries [4,26,27]. To develop shot mechanics,
coaches use purposeful methods that are likely constrained by their own experiences
and knowledge. For example, common tennis coaching practices include instructing
athletes to ‘arabesque’ or perform ball throwing, actions that are designed to develop serve
technique [28,29]. These studies, using task and instructional constraints of technique
instruction and representative actions, demonstrate the complex nature of developing
a tennis serve, which may extend into other areas of foundational tennis development
including the use of certain grip positions.

Coaches indicated that transferring concepts from training into match-play is the
most challenging area of foundational tennis development. This may suggest that coaches
struggle with certain practices in relation to skilful transfer during foundational tennis
training for match-play performance. The ability to perform well in tennis can be depen-
dent on (but not limited to) physical development [30], effective shot mechanics [1], and
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game (tactical) understanding [31]. Developing game understanding, which is arguably a
difficult developmental process, can be achieved through early exposure to ‘game sense’
activities. The game sense approach is associated with a modal for ‘Teaching Games for
Understanding’ [32], with an integration/addition of contextual information for learning
within games or game-like scenarios [31]. Game sense differentiates from the traditional
pedagogical framing of sports teaching as a technical-to-tactical progression [32], and
rather involves ‘game-context” skill development which integrates technical and tactical
development synchronously [31]. Game-context, commonly used in contemporary skill
development methods, involves training the ability to cope with pressure, decision making,
timing for technique, the use of space, and managing risk [33]. Irrespective of coach experi-
ence level, this may reflect the persistence of traditional and linear pedagogical practices to
skill development for the current cohort of coaches. This possibly alludes to a lack of ‘game
sense’ practices being used by the current cohort of coaches; however, without assessing
the direct perceptions of coaches about their understanding of game sense and practices
for skill transfer from training into match-play, this cannot be confirmed.

4.2. Grip Positions

Grip positions are a fundamental contribution to effective techniques that are devel-
oped during the initial stages of learning tennis [1]. The serve may be considered the
most complex of strokes performed in tennis. Classed as a serial skill, the serve relies on
the interplay between shot selection, ball-toss positioning, temporal organisation of key
kinematic events, and coordinated shot mechanics [12,34,35]. This complexity may explain
why more experienced coaches may not enforce adherence to the continental grip position
for the serve until later in development, compared with less experienced coaches. Despite
the fundamental nature of grip positions for effective serve performance, more experienced
coaches may rather focus on the temporal and kinematic attributes for effective serves,
which include (but are not limited to) ‘leg drive’ coordination with shoulder mechanics [36],
and dominant-arm long-axis internal rotation [37]. These results may also reflect the ages of
athletes taught by the coaches as demographic backgrounds have previously been shown
to affect survey responses [38]. Less experienced coaches predominantly taught athletes
between 7 and 10 years old compared with more experienced coaches who taught athletes
between 11 and 17 years old. Given coaches indicated that they teach grip positions for the
serve in different age groups, this presents a possible response bias.

Adapting to a new grip position or stroke technique in tennis is important to continue
developing with evolving physical and tactical match-play characteristics. Over half of
coaches indicated that students ‘revert’ their grip positions from what they were instructed
to use, with the primary perceived causes being discomfort and out of habit. In more
experienced coaches, the frequency of used grip positions across the forehand and double-
handed backhand is greater compared with less experienced coaches, who are still in favour
of the Eastern and Semi-Western grips. This is consistent with the previous literature as
the majority of the top 100 professional players (male and female) use the Eastern and
Semi-Western grips as the top hand in the double-handed backhand [15]. Also evident in
sub-elite tennis, athletes reported using the Eastern (24.9%) and Semi-Western (60.5%) grips
for the forehand stroke [5]. It is important to note that grip influences the kinematics of the
swing and subsequently post-impact ball characteristics [1,27]. The Eastern is considered
to be a “traditional” forehand grip, featured with greater horizontal racket head velocity
contribution to ball speed, compared with the Semi-Western, which features increased
vertical racket head velocity [3], possibly imparting greater ball spin compared with the
Eastern grip. Both are considered versatile to use across playing surfaces as they allow
athletes to adapt their swing technique with varying incoming ball speeds and heights.
It would be most appropriate to conceptualise the athlete in a nonlinear nature, and
that their movement behaviour emerges as an adaptive pattern. Athletes are constantly
interacting with affordances, resulting in self-organised movement responses in a complex
and dynamic performance environment [10,11]. In relation to grip positions in tennis, every
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stroke exchange between opponents (e.g., serve and return, forehand to backhand on the
baseline) provide critical sources of information that athletes engage with to prepare and
perform effective task outcomes (e.g., returning the serve), commonly requiring an adaptive
grip position. Naturally emerging a grip, an approach that involves using multiple grip
positions during a stroke, could benefit athletes, allowing them to naturally build grip
positions across different scenarios with associated techniques through discovery and
movement exploration.

Interestingly, a lower number of coaches (up to 8% for the forehand) expressed that
they use/allow the Western grip in their methods for tennis development. These results are
consistent with anecdotal coaching practices as there is a negative connotation associated
with the Western grip; it is deemed detrimental to tennis performance as no professionals
at the time used the Western grip for the double-handed backhand, as evidenced in [15].
This may align with traditional tennis development, where coaches may subconsciously
express ‘an ideal model’ for their athletes [39], which possibly extends to the use of the
Eastern forehand or Semi-Western grips. This is supported by the larger percentage of
coaches that use the Eastern or Semi-Western grip positions in their practice across all
strokes. The current data may imply that the knowledge of stroke execution, both benefits
and restrictions when using a Western grip position, is limited. Should coaches not restrict
stroke development to only Eastern forehand and Semi-Western grips in groundstrokes
and permit the Western grip within their acceptable grip range, then this may provide the
opportunity for their athletes to develop a grip naturally. Coaching requires a mixture of
instinctive and intuitive processes to inform decision making for effective development [40],
possibly requiring an interplay between traditional and contemporary coaching methods.

4.3. Physically Constraining Tools for Grip Positions

The use of PCTs for stroke development is a common practice in sports coaching
that has previously been assessed during the golf drive [13]; however, to date, there is no
empirical evidence on the efficacy of PCTs in relation to grip-specific skill development [14].
Almost half of coaches (less experienced: 51.5%; more experienced: 44.1%) believed that
using a grip position training device would improve the learning and performance of
grip positions, with a smaller number unsure about the learning effects of the tool (less
experienced: 35.1%; more experienced: 36.0%). Coaches welcome the use of PCTs in their
practice as 65% of coaches indicated that they would use such device if readily available.
Only up to 20% of coaches also indicated that the tool would not facilitate the ability to learn
or transfer a new grip position from training and into a match-play. This might suggest
that coaches have reservations about the effectiveness of PCTs for skill development in
regard to grip positions.

A PCT could be used to blend traditional and contemporary based coaching methods.
Haptic (vibration or tactile information) and kinaesthetic (instantaneous information about
the “feeling” of movement) feedback are fundamentally incorporated into PCTs. Physically
constraining tools encourage athletes to maintain a consistent grip position during training
under different task or environmental constraints, facilitating an adaptation towards the
preferred grip position. It is currently unknown how effective these devices are in creating
biomechanical or performance changes in either acute or longitudinal settings. If PCTs
deliver constructive, permanent changes in grip position, they would enable coaches to
focus their attention on other aspects of tennis performance.

4.4. Limitations and Future Directions and Practical Applications

A limitation of this study was that participants possibly did not have English as their
first language, which may have led to possible misinterpretations of questions. However,
the authors made their best attempt to minimise interpretations through the piloting process.
In addition, being able to read and understand English was a requirement for participation
and was expected when the questionnaire was completed. In future, the context for
responses from coaches in the form of semi-structured interviews will be important for

89



Appl. Sci. 2024, 14, 7127

gaining a better understanding of the thought processes underpinning coaching decisions.
This research demonstrated that coaches welcome the idea of using PCTs in practice, with
approximately 65% indicating that they would use a PCT in training if readily available.
However, there are possible reservations about the ability of PCTs to facilitate skilful
learning and transfer. Therefore, it is important to assess the efficacy (biomechanics and
skill acquisition) of PCTs for sport-specific skill development.

From a practical application perspective, these findings contribute to a greater under-
standing of the perceptions of and methods for grip position development within tennis.
It also provides an initial perspective regarding the use and implementation of PCTs for
skill development. It has previously been expressed that the experiential knowledge of
coaches is a highly valuable resource which provides complementary information to sup-
port the empirical understanding of performance in sports and to guide future research
questions [16,17]. Collectively, these findings provide valuable insights for tennis practi-
tioners by detailing the perspectives of accredited tennis coaches” on grip positions and
various aspects of foundational tennis development. This study explored the best practices
for grip positions tailored to specific strokes, as well as coaches” opinions on using a PCT.
These findings serve as a compass for future investigations, emphasising the importance of
aligning research with current coaching practices. Furthermore, the inclusion of coach-led
questioning contributes to the ongoing evolution of best practices in developmental-level
tennis coaching.

5. Conclusions

This study investigated the perspectives and considerations of accredited tennis
coaches on grip positions and foundational development. Irrespective of the experience
level, this study showed that coaches rated the importance of technique development as
coaches indicated that the Continental, Semi-western, and Eastern forehand grip positions
were the most predominantly taught grips and that grip positions are the second-most
important contributor to foundational development. There was a significant association
between less and more experienced coaches for the reasons why their students revert grip
positions, with more experienced coaches only having singular causes compared with
less experienced coaches, who responded more often with multiple responses. The most
frequent reasons given for reverting grip positions were hand discomfort and out of habit,
a common barrier for foundational tennis development. Approximately 65% of coaches
would use a PCT to assist in coaching their preferred grip positions to athletes; however,
there are possibly reservations about skilful learning and transfer when using a PCT for
grip positions. The perceptions and considerations of more experienced coaches may offer
practical guidance for less experienced coaches aiming to develop grip positions effectively,
similarly for other racket- and club-based sports that require effective grip positions for shot
performance. Future research should aim to determine further context behind coaching
decisions with regard to grip positions during foundational development, and to assess
the efficacy and both the acute and longitudinal effects of PCTs for sport-specific skill
development in tennis.
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Abstract: Background—The number of studies on padel has grown significantly in recent years,
reflecting the growing importance of the sport. However, more research is still needed on a compre-
hensive analysis of performance indicators. This study had a double objective: on the one hand, to
analyze the probability of winning a point as a function of several variables and, on the other hand,
to develop a match analysis. Methods—A total of 980 points from the Menorca 2020 World Padel
Tour Master Final Men’s category were examined using observational methodology. The participants
were the eight pairs who competed in the final rounds of the tournament. To obtain the results,
various analytical techniques were used, such as descriptive analysis and the chi-square test, with a
significance level of p < 0.05. Results—The results indicated that most points were initiated on the
first serve (88.5%) and were most often won by the serving pair (59.3%). Short rallies predominated
(42.2%), with the serving pair most likely to win the point (71%). As the rally became longer, the
probability of winning the point decreased, reaching 57% for medium rallies and 47% for long rallies.
Almost half of the points were completed in less than 10 s, with an average point duration of 15 s.
Most points were finished from the middle area and near the net (41.4% and 36%, respectively),
mainly by smashes (25.9%) or volleys (28.9%), with the cross-court trajectory being the most effective.
Conclusions—Short rallies (0-6 shots) were the most common, with an average point duration of
approximately 15 s. Most points ended with a shot from the middle of the court, using a volley or a
smash with a cross-court trajectory. There is a clear relationship between proximity to the net on the
final shot and an increased probability of winning the point.

Keywords: notational analysis; performance; observational analysis; match statistics; padel coaching

1. Introduction

Padel, a racket sport that originated in Acapulco (Mexico) in 1969, has expanded sig-
nificantly in recent years [1]. It currently has 50 national federations around the world [2].
Padel is played by individuals of various ages and competitive levels thanks to its straight-
forward rules and the sport’s ability to adapt its physical demands to different skill levels [3].
In recent years, several professional circuits (Al Padel, World Padel Tour, and Premier
Padel) have coexisted. However, in 2024, the World Padel Tour and Premier Padel merged,
with the latter becoming the most prestigious among professionals.

Despite its remarkable growth in the last decade, the sport has received limited
attention from the scientific community [4]. It is therefore crucial to carry out a constant
analysis of the factors influencing performance as the sport may be changing at a faster
pace compared to other more established racket sports such as tennis, badminton or
squash, which have also seen substantial variations in their performance indicators since
the 2000s [5].
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In the field of sport performance, research has been carried out that has focused on
various aspects such as the validation of observational instruments [6-8], the time structure
of the match [9-11], the anthropometric characteristics and physiological requirements of
the athletes [12-14], and the analysis of the game at a technical-tactical level [15-21].

Knowledge of the structure of the game is essential to design tasks and training
sessions aimed at optimizing players’ performance. Unlike tennis [22,23], in padel, the
serve (in reference to winning the point with this stroke) and the dominance from the back
of the court are not determining factors for performance. Previous research has indicated
that up to 80% of points are won from a position close to the net, using a variety of strokes,
such as the volley (20-25%) and the tray and the smash (12-18%) [13,17,24]. From the start
of the point, there is a constant battle for a position near the net as maintaining this position
gives a tactical advantage over the opponent. Numerous studies have highlighted that the
probability of winning the point increases when players maintain a position close to the
net [11,25,26]. Although aces are rare in this sport, it has been shown that serving is more
effective than returning as the serving pair wins approximately 62.5% of the points in the
men’s category [1].

As for the number of shots in each rally, an average of between nine and ten shots per
point has been observed in both the men’s and women'’s categories [26,27]. Research on
time structure has revealed that padel is an intermittent sport, with an average duration
in elite players of 9.30 £ 4.00 s per point and 9.38 £ 1.72 shots per point in matches of a
57.4 &+ 11.6 min duration [11]. These studies have also shown that in the first few seconds
of the rally, more points are lost due to unforced errors whereas as the rally progresses,
unforced errors decrease and winners or forced errors increase [10]. As for the variety of
strokes and their direction, volleys predominate (25.0-26.8%), as do ground strokes (15.5%),
which tend to be mostly cross hits (62.5-65.5%) [17].

However, despite the information gathered in previous research, there has been a
notable absence of studies that thoroughly address the probability of winning a point,
taking into account different combinations of the most influential performance indicators in
the sport. Therefore, the main purpose of this paper is to analyze the probability of winning
a point in elite men’s padel, considering factors such as the type of rally, the location
of the players on the court where the last shot is played, the type of final shot, and the
finishing area. This comprehensive approach will provide valuable information to deepen
the understanding of padel performance and to improve match strategy in this sport.

2. Materials and Methods
2.1. Design

For the purpose of this research on high-level men’s padel, we adopted an obser-
vational methodology [28]. The observational design [29] was characterized by being
nomothetic as it covered all the points played in the final rounds of the World Padel Tour
Master Final in Menorca in 2020. Moreover, it was a follow-up, as it analyzed a tournament
from the quarter-finals onwards, and focused on a unidimensional dimension, with no
concurrence of simultaneous behaviors.

2.2. Sample

Considering that the unit of analysis of this study comprised the points played in the
World Padel Tour Master Final 2020 in the men’s category, the final sample was made up
of a total of 980 points. Participants included the 8 pairs competing in the quarter-final,
semi-final, and final rounds. A total of seven matches were analyzed. Informed consent of
the participants was not required because the data were not generated by experimentation
and the video material was obtained secondarily [30]. The study was approved by the
Ethics Committee of the Faculty of Education and Sport Sciences of the University of Vigo
(application 07-280722).
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2.3. Instruments

To carry out this study, we used the OBSPADEL-520, an observation instrument

designed to analyze the different actions present in the game of padel. The observation
instrument was created ad hoc for this research and was based on criteria and categories
previously used in padel studies (see Table 1 and Figure 1) [8,15,31].

Table 1. OBSPADEL observation instrument.

Criteria Code Description
FS The point is played with first serve
Service SS The point is played with second serve
DF Double fault
SH Short rally (0-6 shots).
Rally lenght MD Medium rally (7-12 shots).
LN Long rally (13+ shots).
SZ1 Zone between the end wall and the service line
Strike zone S72 Zone between the service line and three meters before the net
(see Figure 1) SZ3 Zone between 3 meters in front of the net and the net
SZ Service zone
PST Zone of the court parallel to the final stroke (player’s parallel stroke)
MST The player hits the ball to the middle of the court
The finish zone CST Zone of the court crossed to the final stroke (player’s cross-court stroke)
(see Figure 1) SNT Final shot to the net
SSC Final shot to the opponent’s side of the court directly
SEC Final shot to the end of the court directly
. SW The serving pair wins the point
Winner RW The returning pair wins the point
SWW The serving team wins with a winner
SWEFE The serving team wins with a forced error by the opponent
Point Endin SWUE The serving team wins with an unforced error by the opponent
& RWW The returning team wins with a winner
RWEFE The returning team wins with a forced error by the opponent
RWUE The returning team wins with an unforced error by the opponent
ACE Direct serve
FHW Forehand wall outlet
BHW Backhand wall outlet
FHG Forehand groundstroke
BHG Backhand groundstroke
) FHV Forehand volley
Final Stroke BHV Backhand volley
SM Smash
TR Tray
LB Lob
DS Drop shot
oT Other (counter-wall, double wall, special stroke...)
Time T Duration of the point in seconds

Note: PST, MST, and CST (finish zone criterion) refer to the trajectory of the stroke in both winners and forced

error points. (Acronyms in Table 1.)

The OBSPADEL-520 consists of eight criteria that form a category system that meets

the requirements of completeness and mutual exclusivity. Data recording was carried out
using LINCE PLUS software version 2.1.0 [32].
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Figure 1. Court zone and direction of the final stroke. Note: SZ—strike zone, PST—parallel stroke,
MST—middle zone stroke, and CST—cross stroke.

2.4. Procedure

The data collection was carried out by downloading the matches from the official
World Padel Tour YouTube channel. Subsequently, all the files were combined into a single
video of 12 h and 23 min. The editing of the matches was achieved using Wondershare
Filmora software version X. These matches were downloaded in high definition (1080p,
1920 x 1080) and viewed on 27-inch monitors for analysis.

To ensure the quality and consistency of the data, a rigorous protocol was followed.
Prior to the data quality check, carried out by two experts in padel and observation
methodology, a comprehensive training program was conducted. One of the experts was
a national paddle tennis coach with a degree in Physical Education and Sports Science
while the other was a university professor specializing in racquet sports and observational
methodology. This training consisted of nine two-hour sessions over a three-week period
and used videos of men’s padel matches from the 2020 season for the experts to become
familiar with the observation tool.

In order to reinforce the integrity of the recording process [33], the quality of the
recorded data was assessed by calculating intra-observer and inter-observer concordance
using the Kappa coefficient [34]. The LINCE PLUS program facilitated this analysis. Both
concordances were performed on points from padel matches that did not belong to the final
sample (n = 300; 1/3 final sample). The intra-observer kappa was 0.96 for the first observer
and 0.95 for the second observer while the inter-observer kappa was 0.94. Subsequently,
observer 1 proceeded to analyze all items in the research sample.

Once the meticulous recording of all data was completed, an Excel file was generated
documenting the sequence of actions at each of the points analyzed. The versatility of
this Excel file allowed the data to be transferred to an SPSS file (Statistical Package for
the Social Sciences), the software used to carry out various statistical analyses essential to
the research.

2.5. Data Analysis

All statistical analyzes were carried out using SPSS version 25.0 (IBM-SPSS Inc.,
Chicago, IL, USA). Statistical significance was considered to be reached at p < 0.05.

First, a descriptive analysis of the study variables was carried out. To assess the
differences between the categories of each criterion used (intra-criterion analysis), the chi-
square test (x2) was used. The analysis of the probability of winning a point, as influenced
by the combination of performance indicators selected by the research team, was carried
out using the case selection and frequency analysis technique.

96



Appl. Sci. 2024, 14, 6642

3. Results
3.1. Descriptive Analysis

Table 2 presents a descriptive analysis of the study, including the intra-criterion x? test
performed for the categories of each criterion.

Table 2. Distribution of points played in the World Padel Tour Menorca Master Final 2020 and x>
intra-criterion analysis.

Criterion Cat. n % X2 Criterion Cat. n % x2
FS 867 88.5 x2 = 582.252 Wi SW 581 59.3 X2 = 34.207
Service * SS 112 114 p <0.001 nner RW 399 40.7 p <0.001
DF 1 0.1 FHW 117 11.9 x? =593.011
SH 414 422 x2 = 34.525 BHW 54 5.5 p <0.001
Rally length MD 283 289 p <0.001 FHG 55 5.6
LN 283 28.9 BHG 41 42
sz1 220 224 x? =56.276 Final Stroke FHV 151 15.4
Strik . Sz72 406 414 p <0.001 BHV 132 13.5
trike zone SZ3 353 36.0 SM 254 25.9
SZ 1 0.1 TR 107 10.9
PST 162 16.5 X2 =182.236 LB 46 47
MST 124 12.7 p <0.001 oT 6 0.6
- CST 262 26.7
The finish zone SNT 250 255 DS 16 1.6
SSC 73 7.4 1-10s 439 44.8 x2 = 287.698
SEC 109 11.1 , ‘ 11-20's 294 30.0 p <0.001
Point duration
SWW 268 27.3 x? =230.113 21-30's 145 14.8
SWFE 75 7.7 p <0.001 31+ 102 10.4
Point ending SWUE 237 24.2
RWW 154 15.7
RWFE 52 5.3
RWUE 194 19.8

* Note: The category with the lowest frequency value was eliminated for the x? test. Acronyms are given in
Table 1.

During the investigation, it was observed that most of the points were initiated with
the first service, reaching 88.5%. In addition, short rallies were predominant, accounting for
42.2%. The middle area of the court was the location from where most of the final shots were
executed, comprising 41.4% of the total number of cases. Almost 60% of the points were
won by serving. In terms of how the points were completed, it is worth noting that points
won on serve by winners (27.3% of the total) and unforced errors (24.2%) predominated.
Points won by the receiving team through unforced errors constituted 19.8% of the total
while winners accounted for 15.7%. The most commonly used finishing stroke was the
smash (which included the smash x3, smash x4, fake smash, and smash over the back
wall), with a percentage of 25.9%. Forehand and backhand volleys were also commonly
observed, with percentages of 15.4% and 13.5%, respectively. In terms of the finishing area,
it was evident that the predominant way of winning points was by cross-court shots (26.7%)
while the majority of errors were made after hitting the net. Regarding the duration of the
points, the most common time interval was 1 to 10 s, accounting for 44.8% of the cases,
followed by 11 to 20 s, which made up 30%. The average point duration was 15.23 £ 11.6 s.

Statistically significant differences (p < 0.05) were observed between the categories of
each of the criteria studied according to the results of the intra-criterion x? test.

3.2. Analysis of the Probability of Winning a Point

The following is a detailed analysis of the probability of winning a point in padel,
taking into account several variables of the game. This analysis has focused exclusively on
points played on the first serve as they accounted for approximately 90% of the total in this
study (see Table 3).
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Table 3. Analysis of the probability of winning a point as a function of service, type of rally, and

strike zone.

Serving Team Returning Team

Fr. (%) Total Won Lost Prob. Total Won Lost Prob.

First service 88.5 867 521 346 60 867 346 521 40
Second service 11.5 112 60 52 54 112 52 60 46
First Service-Short rally 42.9 372 264 108 71 372 108 264 29
First Service-Medium rally 28.1 244 139 105 57 244 105 139 43
First Service-Long rally 29.0 251 118 133 47 251 133 118 53
First Serylce—Short 126 30 12 18 40 79 4 75 5
rally-Strike zone 1

First Ser\./lce—Short 14.8 106 78 28 74 22 8 14 36
rally-Strike zone 2

First Serylce—Short 15.6 89 73 16 82 46 34 12 74
rally-Strike zone 3

First Ser\.Iice—Medium 53 15 3 12 20 31 4 27 13
rally-Strike zone 1

First Ser\.nce—Mechum 13.0 62 35 27 56 51 20 31 39
rally-Strike zone 2

First Serylce—Medlum 98 47 33 14 70 38 28 10 74
rally-Strike zone 3

First Serylce—Long 44 15 3 12 20 23 8 15 35
rally-Strike zone 1

First Serylce—Long 13.8 53 32 21 60 67 41 26 61
rally-Strike zone 2

First Service-Long 107 54 39 15 72 39 36 3 92

rally—Strike zone 3

Note: Fr—frequency; Total—total points occurred in that match situation; Prob—probability (%).

Firstly, our findings indicate that the serving team wins 71% of the points in short
rallies (0-6 shots). This percentage decreases to 57% in medium-length rallies (6-12 shots)
and further drops to 47% in long rallies (13+ shots).

During a short rally, it is interesting to note that zone 3 is where you have the highest
probability of winning a point, both on serve (82%) and on return (74%). In zone 2, the
probabilities are somewhat lower in the service (74%) but considerably lower in the return
(36%). Finally, in zone 1, the probabilities of winning the point are low in both pairs (4% for
service and 0.5% for the return).

In medium-length rallies, we see a similar pattern although the odds of winning the
point vary. The final hit from zone 3 gives the highest odds to both the serving team (70%)
and the receiving team (74%), followed by zone 2 (56% to the serve and 39% to the return)
and, finally, zone 1 (20% and 13%, respectively).

In the long rally, the same pattern is repeated. Zone 3 has the highest probability of
success in both pairs (72% for service and 92% for the return), followed by zone 2 (60% and
61%) and finally zone 1 (20% and 35%).

3.3. Match Analysis

Table 4 presents a match analysis taking into account different performance indicators.

After analyzing all the matches, we observed that 11.1% of the points ended with a
short rally and a final hit from zone 1. In these cases, the serving pair won 13.8% of those
points through winners while the returning team (RT) won 18.2%. It is important to note
that there was a high rate of points won on serve due to unforced errors (86.2% serving
and 81.8% returning), with a predominance of hitting the net errors.

A total of 13.1% of the points culminated in a short rally and a final hit from zone 2.
In this situation, the serving pair achieved 84.7% of the points by winners (22.2% RT) and
there was a balance between those obtained with cross and parallel strokes in both pairs.
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Table 4. Match analysis of points with first serve and according to rally length, strike zone, the finish
zone, winner, and point ending.

n = 980 n = 980
Pattern Pattern

Fr. % Fr. %
FS-SH-SW-SWFE 26 7.0 FS-SH-RW-RWFE 6 16
FS-SH-SW-SWUE 101 272 FS-SH-RW-RWUE 62 167
FS-SH-SW-SWW 137 36.8 FS-SH-RW-RWW 40 10.8
FS-MD-SW-SWFE 25 102 FS-MD-RW-RWFE 14 57
FS-MD-SW-SWUE 67 275 FS-MD-RW-RWUE 53 217
FS-MD-SW-SWW 46 189 FS-MD-RW-RWW 39 16.0
FS-LN-SW-SWFE 19 7.6 FS-LN-RW-RWFE 27 10.8
FS-LN-SW-SWUE 44 175 FS-LN-RW-RWUE 48 19.1
FS-LN-SW-SWW 55 219 FS-LN-RW-RWW 58 23.1
FS-SH-ST1-SW 87 (109) (11.1) 79.8 FS-SH-ST1-RW 22 (109) L1 20.2
FS-SH-ST1-SEC-SW 26 29.9 FS-SH-ST1-SEC-RW 4 182
FS-SH-ST1-SSC-SW 7 8.0 75 (87) FS-SH-ST1-55C-RW 2 9.1 18 (22)
FS-SH-ST1-SNT-SW 4 483 86.2 FS-SH-ST1-SNT-RW 12 545 81.8
FS-SH-ST1-PST-SW 3 34 FS-SH-ST1-PST-RW 1 45
FS-SH-ST1-MST-SW 4 46 12(87) FS-SH-ST1-MST-RW 3 13.6 4(22)
FS-SH-ST1-CST-SW 5 57 13.8 FS-SH-ST1-CST-RW - - 18.2
FS-SH-ST2-SW 92 (128) (13.1) 71.9 FS-SH-ST2-RW 36 (128) 13.1) 28.1
FS-SH-ST2-SEC-SW 3 33 FS-SH-ST2-SEC-RW 4 1.1
FS-SH-ST2-5SC-SW 3 33 14 (92) FS-SH-ST2-SSC-RW 5 13.9 28 (36)
FS-SH-ST2-SNT-SW 8 8.7 15.3 FS-SH-ST2-SNT-RW 19 52.8 77.8
FS-SH-ST2-PST-SW 27 293 FS-SH-ST2-PST-RW 4 1.1
FS-SH-ST2-MST-SW 2 23.9 78 (92) FS-SH-ST2-MST-RW 1 238 8 (36)
FS-SH-ST2-CST-SW 29 315 84.7 FS-SH-ST2-CST-RW 3 83 222
FS-SH-ST3-SW 85 (135) (13.8) 63.0 FS-SH-ST3-RW 50 (135) (13.8) 37.0
FS-SH-ST3-SEC-SW - - FS-SH-ST3-SEC-RW 4 8.0
FS-SH-ST3-55C-SW 3 35 12.(85) FS-SH-ST3-55C-RW 4 8.0 16 (50)
FS-SH-ST3-SNT-SW 9 10.6 141 FS-SH-ST3-SNT-RW 8 16.0 32.0
FS-SH-ST3-PST-SW 24 282 FS-SH-ST3-PST-RW 12 24.0
FS-SH-ST3-MST-SW 16 18.8 73 (85) FS-SH-ST3-MST-RW 7 14.0 34 (50)
FS-SH-ST3-CST-SW 33 38.8 85.8 FS-SH-ST3-CST-RW 15 30.0 68.8
FS-MD-ST1-SW 30 (46) 4.7) 65.2 FS-MD-ST1-RW 16 (46) 4.7 348
FS-MD-ST1-SEC-SW 9 30.0 FS-MD-STI-SEC-RW 4 25.0
FS-MD-ST1-SSC-SW 4 133 27 (30) FS-MD-STI-SSC-RW - - 12 (16)
FS-MD-ST1-SNT-SW 14 467 90.0 FS-MD-STI-SNT-RW 8 50.0 75.0
FS-MD-ST1-PST-SW 1 33 FS-MD-ST1-PST-RW 1 6.3
FS-MD-STI-MST-SW - - 3 (30) FS-MD-STI-MST-RW 1 6.3 4 (16)
FS-MD-ST1-CST-SW 2 6.7 10.0 FS-MD-ST1-CST-RW 2 125 250
FS-MD-ST2-SW 66 (113) (11.5) 58.4 FS-MD-ST2-RW 47 (113) (11.5) 416
FS-MD-ST2-SEC-SW 6 9.1 FS-MD-ST2-SEC-RW 7 149
FS-MD-ST2-SSC-SW 6 9.1 31 (66) FS-MD-ST2-S5C-RW 6 12.8 27 (47)
FS-MD-ST2-SNT-SW 19 28.8 47.0 FS-MD-ST2-SNT-RW 14 29.8 57.5
FS-MD-ST2-PST-SW 8 12.1 35 (66) FS-MD-ST2-PST-RW 3 6.4 2 ()
FS-MD-ST2-MST-SW 6 9.1 53.0 FS-MD-ST2-MST-RW 6 12.8
FS-MD-ST2-CST-SW 21 31.8 FS-MD-ST2-CST-RW 11 234 42.5
FS-MD-ST3-SW 43 (85) ®8.7) 50.6 FS-MD-ST3-RW 4 (85) 8.7) 494
FS-MD-ST3-SEC-SW 2 47 FS-MD-ST3-SEC-RW 3 7.1
FS-MD-ST3-SSC-SW 2 47 10 (43) FS-MD-ST3-SSC-RW 3 71 14 (42)
FS-MD-ST3-SNT-SW 6 14.0 234 FS-MD-ST3-SNT-RW 8 19.0 33.3
FS-MD-ST3-PST-SW 8 186 FS-MD-ST3-PST-RW 10 238
FS-MD-ST3-MST-SW 4 9.3 33 (43) FS-MD-ST3-MST-RW 3 7.1 28 (42)
FS-MD-ST3-CST-SW 21 4838 76.6 FS-MD-ST3-CST-RW 15 357 66.7
FS-LN-ST1-SW 18 (38) 3.9) 474 FS-LN-ST1-RW 20 (38) (3.9) 526
FS-LN-ST1-SEC-SW 3 16.7 FS-LN-ST1-SEC-RW 3 15.0
FS-LN-ST1-55C-SW 1 56 15(18) FS-LN-ST1-SSC-RW 3 15.0 12(20)
FS-LN-ST1-SNT-SW 11 61.1 83.3 FS-LN-ST1-SNT-RW 6 30.0 60.0
FS-LN-ST1-PST-SW 2 1.1 FS-LN-ST1-PST-RW 2 10.0
FS-LN-ST1-MST-SW - - 3 (18) FS-LN-STI-MST-RW 2 10.0 8 (20)
FS-LN-ST1-CST-SW 1 56 16.7 FS-LN-ST1-CST-RW 4 20.0 40.0
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Table 4. Cont.

n =980 n = 980
Pattern

Fr. % Fr. %
FS-LN-ST2-SW 58 (120) (12.2) 483 FS-LN-ST2-RW 62 (120) 12.2) 51.7
FS-LN-ST2-SEC-SW 8 13.8 FS-LN-ST2-SEC-RW 7 13
FS-LN-ST2-SSC-SW 4 6.9 26 (58) FS-LN-ST2-S5C-RW 6 9.7 21(62)
FS-LN-ST2-SNT-SW 14 24.1 4.8 FS-LN-ST2-SNT-RW 8 12.9 33.9
FS-LN-ST2-PST-SW 8 13.8 FS-LN-ST2-PST-RW 1 17.7
FS-LN-ST2-MST-SW 8 13.8 32 (58) FS-LN-ST2-MST-RW 8 12.9 41(62)
FS-LN-ST2-CST-SW 16 276 55.2 FS-LN-ST2-CST-RW 2 355 66.1
FS-LN-ST3-SW 42 (93) 9.5) 452 FS-LN-ST3-RW 51 (93) (9.5) 54.8
FS-L.N-ST3-SEC-SW - - FS-LN-ST3-SEC-RW 3 59
FS-LN-ST3-SSC-SW 1 24 3 (42) FS-LN-ST3-SSC-RW 3 59 15 (51)
FS-LN-ST3-SNT-SW 2 48 7.2 FS-LN-ST3-SNT-RW 9 17.6 294
FS-LN-ST3-PST-SW 15 35.7 FS-LN-ST3-PST-RW 12 235
FS-LN-ST3-MST-SW 6 143 39 (42) FS-LN-ST3-MST-RW 10 19.6 36 (51)
FS-LN-ST3-CST-SW 18 429 92.8 FS-LN-ST3-CST-RW 14 275 70.6

Note: Acronyms are given in Table 1.

A total of 13.8% of the points ended with a short rally and a final hit from zone 3. The
values were very similar to those observed in zone 2 for the serving pair (85.8% won by
winners) but different in the defending pair (68.8% winners). In both cases, winners with
crossed trajectories predominated.

Although the situation where the point ended with a medium rally and a hit from
zone 1 only occurred on 4.7% of occasions, it is interesting to note that the serving pair
managed to win the point in 10% of the cases by a winner while the defending pair did so
in 25% of the cases. Unforced errors were more common from hitting the net.

When the final shot was executed from zone 2 and ended in a medium rally, it was
observed that the serving pair achieved 53% of points through winners (42.5% RT), with
a predominance of cross-court shots as the final trajectory in both teams. This situation
occurred 11.5% of the time. It is interesting to note that the percentage of service winners
decreased significantly compared to the short rally in the same zone but increased for the
defending pair.

A total of 8.7% of the points ended after a medium rally and a final hit from zone 3. In
this situation, up to 76.6% of the points won on serve were won by a winner (66.7% RT),
again with a predominance of crossed shots in both teams. A decrease in the percentage
of points won by winners was observed for the serving pair compared to the points won
from this area in the case of short rallies, but no such decrease was observed for the
defending pair.

When the point ended after a long rally and a stroke executed from zone 1, although
this only occurred in 4% of the cases, the same tendency observed in the case of a medium
rally was repeated. In this situation, there were higher percentages of winners for the pair
receiving the service (16.7% and 40%, respectively).

A total of 12.2% of the points ended after a long rally and a final shot executed from
zone 2. In this case, the serving pair won 55.2% of the points through winners (66.1%
RT), predominantly with cross-court shots in both cases. In both pairs, the points won by
unforced errors were mostly due to shots directed to the net.

Finally, points ending after a long rally and a final hit from zone 3 accounted for 9.5%
of the points analyzed. In this situation, winners clearly predominated as a way of finishing
the point, with 92.8% in the serving pair and 70.6% in the defending pair. Again, there was
a high proportion of winners with cross-court shots although there was also a considerable
percentage of winners with parallel shots.

4. Discussion

The aim of the research was to assess the probability of winning a point by considering
a number of variables that affect performance as well as by providing a comprehensive
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analysis of matches. The data showed that the probability of winning a point by serving
was higher in short rallies and decreased in medium and long rallies. A position close to
the net increases the probability of winning the point. The research revealed that the most
common type of rally is the short rally and that the average duration of points is 15 s. In
addition, the most common trajectory of the final shots is the cross-court shot, executed
over the middle of the court. Smashes and volleys predominate as final shots.

In the match analysis in this research, it was observed that the first serve is used
on 90% of occasions and that double faults are infrequent, a result that coincided with
previous research [1]. The probability of winning the point by serving the first serve was
somewhat higher than by returning (60%), with rates similar to those observed in this sport
previously [35].

Although it is uncommon to obtain direct points (aces) or indirect points with the
serve [1], probably due to the regulatory restrictions of padel compared to racket sports
such as tennis [18,36], this technical action allows one to secure an offensive position near
the net [9]. This, according to experts [18,25], provides a tactical advantage to win the point.
Previous research supports that a position close to the net favors winners or increases the
likelihood of errors being made by the opposing team [15,26,37], a finding that we also
confirmed in our study. The results of this research indicate that proximity to the net,
whether serving or returning, increases the chances of winning the point.

Short rallies (0—6 shots) were the most common type of rally detected. However, anal-
ysis of the duration of the points revealed an average of 15 s, in line with recent studies [27]
but marking a change from older research that reported a duration of 7-12 s [9-11,38]. It is
possible that the technical-tactical and physical improvement of padel pairs is making it
difficult to finish points quickly, a relevant aspect to consider in the planning of training
sessions, especially from a conditional approach.

The type of rally plays a crucial factor in the chances of winning the point. In short
rallies, the service pair won 73% of the points; however, this value dropped to 57% in
medium rallies and dropped even further to 47% in long rallies. This pattern supports the
idea that the tactical advantage in serving fades after the first six shots [1,36]. Consequently,
in order to optimize training, it is suggested that the serving pair should seek to conclude
the point quickly, taking advantage of their initial position close to the net, while the
defending pair should prolong the rally, as following these guidelines significantly increases
the chances of winning the point. In another sense, it is essential that coaches consider
the option of creating training routines that cover both the return of serves to the server
and the execution of defensive shots such as deep lobs to the corners of the court [39].
Previous studies have demonstrated that the lob is the most frequently utilized technique
for reaching the net, a position on the court that subsequently increases the likelihood of
winning points [20,39,40].

Points ending with shots from the middle area of the court were the most frequent
in this study, as had been shown previously [15,41], although they did not represent the
area with the highest percentage of winners, as has been observed recently [18]. From the
middle zone, except in short rallies, where there was a predominance of winners in the
serving pair, similar numbers of points won by winners and unforced errors were recorded.
In contrast, from the area furthest from the net, more unforced errors were observed in
any type of rally. On the other hand, in shots close to the net, regardless of the type of
rally, a higher proportion of winners was evident. Once again, it was confirmed that the
probability of winning the point increases as the pair gets closer to the net as they have more
chances to get a winner. On the other hand, hitting from the back of the court increases the
likelihood of errors [15]. This is because when players play close to the net, they generally
try to finish the point with a winner [42] whereas when they play from areas away from the
net, they have less of an angle to play the ball to the fence [43]. Although previous research
did not establish an explicit probability, it did highlight the tactical importance of getting
close to the net or shortening—lengthening the length of the rally depending on whether
the team was on serve or return. It is relevant to note that a higher percentage of winners
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was observed in long rallies compared to medium-length rallies. This discrepancy could
have been due to accumulated fatigue during the prolongation of the point.

As for the final hit, in our research, smashes (25.9%) stood out as the main option.
This phenomenon can be attributed to the effectiveness of this stroke in padel, which is
characterized by a relatively low rate of unforced errors. This stroke, aggressive and confi-
dent when the technique is mastered, is presumed to be a fundamental skill in professional
players [3,8]. It is clear that players are looking for opportunities throughout the point to
execute a smash, but training this shot from less comfortable positions could be a valuable
training strategy, given its high performance as a finishing stroke. The combination of fore-
hand and backhand volleys (28.9%) outperformed the smash as the final shot, highlighting
the importance of also optimizing this technical skill to close out points [44].

In relation to the direction of the final stroke, our study confirmed that the majority
of points end with cross-court strokes, almost twice as often as parallel strokes and three
times as often as strokes aimed at the center of the court. Although we did not carry out an
analysis of all rally points, as was achieved in other research [8,17], we can affirm that there
is a clear tendency for the cross-court shot to be more effective in finishing a point. This
observation aligns with previous findings [15] and is related to the difficulty of returning
shots that bounce off the metal fence, the side wall, or the corner between the back wall and
the side wall. This creates greater uncertainty for the opponent and increases the likelihood
of mistakes [17].

Limitations and Future Perspectives

Only matches from the WPT Master Final, which brings together the eight best pairings
on the men’s tour, were analyzed. It is important to note that if the analysis had been
carried out for one or more complete tournaments on the World Padel Tour circuit, with
more rounds and participating pairings, the results could have been different. Furthermore,
it is relevant to note that this observational study did not take into account aspects such
as the positioning of the players and the strokes used throughout the rally, but focused
only on the final stroke. This choice was based on the specific objective of the study, but
future research could approach the analysis from other perspectives. It would be equally
interesting to replicate this study in the female category to compare performance indicators
between men and women.

5. Conclusions

This research enriches the knowledge about men’s professional padel and provides
valuable information to improve strategy and coaching.

The analysis revealed that nearly all points were played on the first serve, with a
slightly higher probability of winning the point compared to starting with a second serve.
It was observed that the probability of winning a point by serving was highest in short
rallies and decreased progressively in medium and long rallies.

Regarding finishing shots, the smash was identified as the most frequently used tech-
nique to close points, followed by forehand and backhand volleys. Cross-court shots were
more commonly used to finish points, either through winners or forced errors. Additionally,
nearly half of the points concluded with a short rally, lasting between 1 and 10 s. The
average duration of a point was estimated to be 15.23 s.

The probability of winning a point is influenced by factors such as service possession,
type of rally, and court positioning. Generally, it was observed that in short rallies, the
serving pair had a higher chance of winning the point while the chances diminished as
the rally lengthened. Furthermore, the pair dominating the net had a higher probability
of securing the point. The combination of a first serve, short rally, and a shot from zone
3 was found to be the most advantageous for the serving pair, with an 82% success rate.
Conversely, the combination of a first serve, long rally, and a final shot from zone 3 offered
the defending pair the highest chances of winning the point, with a 92% success rate.
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For the serving pair, the highest probability of winning the point is achieved when the
point ends with a short rally and the pair positions themselves close to the net to execute a
cross-court finishing shot. Therefore, it is beneficial for the serving partner to show intensity
from the start of the point, looking for winners from the middle area or near the net while
keeping the opposing partner away from the net.

For the returning pair, it is crucial to initially focus on keeping the serving pair away
from the net. As the rally progresses, the chances of winning the point increase significantly.
In short and medium rallies, points are more likely to be won by forcing an error rather
than hitting a winner. However, as the rally lengthens, the likelihood of winning the point
with a winner increases, especially when utilizing cross-court trajectories.

These results have significant potential for enhancing both training and match strate-
gies, providing a data-driven approach to improving performance on the court.
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Abstract: The aim of this study was to compare physical activity and organized sport participation sur-
vey data between different weight classifications in children. In the cross-sectional online data collec-
tion, 677 parents (42.8 £ 6.4 years old) provided information about 677 children (10.9 & 2.5 years old).
On average, 77% of the children achieved 60 min of MVPA /day and 63% participated in a club or
organized sport. Most of them (63%) were in the healthy weight category, 14% of the children were
underweight, and 22% of the children were overweight or obese. The parental support for physical
activity was 83%. Club or organized sport participation (OR = 0.56 CI: 0.34-0.91; p < 0.02) and a
parent with a higher educational level (OR = 0.25 CI:0.14-0.43; p < 0.01) were found to be preventive
for obesity. Football was the most popular and highly chosen sport activity. Regarding sport activities
with parents, cycling, walking, and football were the most popular, independently of the weight
classification of the child. The overweight and obese children had almost the same participation rate
in sport activities than others. Increased physical activity might be explained by the daily physical
education in schools and governmental support. Further studies and measures are needed to prevent
overweight and obesity in children of parents with a lower educational level.

Keywords: physical activity; children; organized sport; obesity; healthy lifestyle

1. Introduction

The increased prevalence of obesity in children and youth in many developed and de-
veloping countries is a serious public health concern. The obesity problem is more dramatic
in boys than in girls [1]. According to a Health Behaviour in School-aged Children (HBSC)
study in Hungary, the prevalence of overweight children is higher than the international
average [2]. While the cause of obesity is a multifactorial complex interaction between
environmental, genetic, behavioural, and socioeconomic factors, it is often considered to
be a result of increased energy intake and less energy expenditure. Interestingly, in some
countries, energy intake has not increased significantly in recent decades, but there has been
a worldwide decline in energy expenditure due to a reduction in physical activity [3-5]. An
increase in physical inactivity associated with increased screen time is an important and
likely contributing factor for obesity. Therefore, limiting screen time is an important general
recommendation [6]. It is generally accepted that a healthy diet and increased physical
activity are the main factors that can prevent overweight and obesity. Increased levels of
physical activity has several beneficial effects on the health and well-being of children and
adolescents [6,7].

Preventive programs and strategies are needed to reduce the prevalence of childhood
obesity, including greater support for physical activity-based programs in government
policies, families, and sport clubs and organizations [5,8]. The most popular tool for health
promotion worldwide is participation in organized sports [9]. Sports club membership
is associated with higher levels of moderate-to-vigorous physical activity (MVPA) and
less daily physical inactivity. Sport club participation or organized sport activities can
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successfully increase physical activity and fitness and reduce adiposity [10,11]. Sports club
membership during adolescence generally leads to high levels of leisure-time physical
activity in adulthood [12,13]. Therefore, involving children and youth in an organized
sport can increase the number of people living a healthy lifestyle. Changing building
environments and school environments to support active transportation is also generally
recommended, but this strategy requires high financial and governmental support [14,15].

Previous studies showed positive associations between parental and child overweight
in all countries. Positive and negative correlations were found between parental education
and the child’s weight classification [16]. The parental factors associated with child over-
weight were reported in a 12-country study where in countries like Colombia or Kenya, the
parental education was negatively associated with the weight status of the child. In Western
countries such as the UK, Finland, Australia, or Canada, the odds ratios were lower than 1,
but only in the USA and Brazil was parental education indicated as a significant preventive
factor [3]. A cross-sectional study based on data from 123,487 6-to-9-year-old children from
24 countries in the WHO European Region has generally found an inverse relationship
between the prevalence of childhood overweight/obesity and parental education in high-
income countries [17]. The relationship between maternal and paternal education and the
child’s weight classification and physical activity appear to be related to the developmental
stage of different countries [3]. Parental support for children’s physical activity is essential.
The parental role in promoting children’s healthy behaviour and parental involvement in
youth sports have been investigated in many countries [18-20].

There is a lack of information about children’s physical activity or sport participation
based on the weight classification of children. There is a discrepancy between the BMI
and PA results reported by the HBSC research group. The overall PA in children is lower
than expected despite the introduced daily PE in schools. The aim of this study was
to collect survey data about the overall physical activity levels and participation in an
organized sport and active transportation and compare the results between the different
weight classifications of school-aged children. The second aim was to identify significant
factors that could be used in obesity prevention programs targeted at Hungarian children
to achieve healthier lifestyles.

2. Materials and Methods

Prior to any data collection, ethical approval was received from the Hungarian Univer-
sity of Sports Science (MTSE-OKE KEB/08/2023). This study was a cross-sectional survey
study. The data were collected in spring 2023 using social media platforms and internet
correspondence. The research project and survey were sent to 1247 principals of primary
schools and were shared in parental online groups. The survey started with an introduction
for parents in which the inclusion criteria were written. Inclusion was being a parent of a
school-age child (6-15 years old). To avoid bias, an increased sample size and the diversity
of residency were targeted. After data cleaning the online data collection, 677 parents
(42.8 & 6.4 years old) provided information about 677 children (10.9 & 2.5 years old). The
677 results (345 boys and 332 girls) were achieved from 611 different IP addresses. The
identical IP addresses might be explained by family membership, meaning a parent filled
in the questionnaire for more than one child. Informed consent was the first part of the
questionnaire that was obtained from all participants prior to answering the questionnaire.

Our questionnaire was completed with the Qualtrics program and contained 37 ques-
tions. Parents completed this self-report questionnaire that captured the parent’s age, sex,
education, and residency and their child’s sex, age, body height, weight, and physical
activity behaviour.

In this report, we analyse the demographic variables and nine questions connected
to physical activity. The questionnaire was compiled using the global matrix (GM) 4.0
indicators, definitions, and benchmarks [12]. The GM methods and physical activity indi-
cator benchmarks for children and adolescents were published by Aubert et al. (2022) [10].
The global matrix on PA for children is an initiative launched under the leadership of the
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Active Healthy Kids Global Alliance (AHKGA) to achieve a comprehensive understanding
of the global variation in child and adolescent PA, related indicators, and key sources of
influence. As an overall physical activity indicator, we wanted to know what percentage of
children and youth meet the global health-related physical activity recommendation. The
question was “Do you think your child accumulates at least 60 min of moderate-vigorous
physical activity per day on average?” “Yes/No”. We used recommended questions for the
organized sport, physical activity, active transportation, and family and peers indicators.
The questions for club sport were “Does your child participate in club sport?”, “Yes/No”,
“If yes, what kind of sport?”; “Does your child participate in organized sport but not in a
sport club? (in school or afterschool)”, “Yes/No”, “If yes, what kind of organized sport?”;
“Does your child use active transportation to get to and from places? (walk, cycling, scooter,
or other)”, “Yes/No”; “Do you do physical activity together with your child?”, “Yes/No”,
“If yes, what kind of activity?”; “Do you facilitate physical activity and sport opportunities
for your child? (driving, volunteering, cheering, paying membership fees)”, “Yes/No”.

The weight status categories (underweight, healthy, overweight, obese) were deter-
mined by the World Health Organization (WHO)'s age- and gender-specific reference using
the calculated body mass index [21].

For the odds ratio calculation, we needed two categories in which Yes/No questions
were obvious, but in parental education or residency, we had to separate the results into
two main groups. Those who reported attaining some college degree or postgraduate
degree became part of a higher-educated group, and those who reported completing high
school, some high school, or less than a high school education, remained in the other group.
Two categories were created from all residency locations based on type: The capital of
Hungary, county seats, and towns comprised one group. The municipalities, villages, and
farms comprised the second group.

Data were analysed using TIBCO 14.00.15. Statistics and IBM SPSS Statistics 29.0.
Descriptive statistics and frequency tables were used to describe the demographic char-
acteristics of the children and parents. Means and standard deviations were calculated
for continuous variables and frequencies, and percentages were reported for categorical
variables. Chi-square tests were used to compare different participation rates of groups.
Crosstabs were used to analyse the associations between obesity and different factors affect-
ing physical activity, the odds ratios (OR), and 95% confidence intervals (CI). A bivariate
regression model was also used for the equation of associations and for the assessment of
the significance level.

3. Results

The characteristics of the children who participated in the study and their parents are
presented in Table 1. On average, the parents were 42.8 £ 6.4 years old. Most (84%) of
the parent respondents were mothers, and more than half (54%) had a higher education
degree. A majority (68%) of the families lived in large population centres (towns, county
seats, or in the capital of Hungary). Half (51%) of the children were male with a mean
age of 10.98 £ 2.53 years. According to the BMI percentile cut-offs published by the WHO,
most (63%) of the children were in the healthy weight category, 14% of the children were
underweight, and 22% of the children were overweight or obese.

The participation rates of the children in physical activity categorized by weight
status are presented in Table 2. On average, more than two-thirds of all the children
achieved 60 min MVPA /day. The highest rate of participation in physical activity was in
the underweight children group, and the lowest rate of participation in physical activity
was found in overweight children. The difference between the two groups was significant
(p < 0.01). On average, more than half of all the children participated in a sport club or
organized sport or activity. The highest rate of participation was found in the healthy
weight group, and the lowest rate of participation was in obese children. The difference
between the two groups was also significant (p < 0.02). Using active transportation was
similar for every group. Interestingly, the overweight and obese children’s rates of using
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active transportation were slightly higher than the other weight classifications. Performing
physical activity with their parents was the most common in healthy weight children and
the least common characteristic in obese children, but this difference was not statistically
significant. The parental support of physical activity was also generally high with the
highest rate in underweight children and the lowest in overweight children.

Table 1. Characteristics of participants.

Children

Total sample 677
Males 345 (51%)
Females 332 (49%)
Mean Age (years) 109 £25
Body Height (cm) 152.5 + 15.0
Body Mass (kg) 43.14+15.2
BMI (kg/m?) 18.1 £ 4.1
Underweight 93 (14%)
Healthy 424 (63%)
Overweight 81 (12%)
Obese 69 (10%)
Parents

Mother 572 (84%)
Father 76 (11%)
Other (grandparent) 24 (4%)
Mean Age (years) 428 + 6.4
Education

Primary and secondary school education 283 (42%)
Higher education 363 (54%)
Residency

Capital, county seat or town 464 (68%)
Municipality, village or farm 213 (32%)

Table 2. Participation rate of children in physical activity in total sample and different weight
classifications.

Achieving MVPA Sport Club or

Active Transport Activity with Parents  Parental Support

> 60 min/day Organized Sport
Total 77% 63% 80% 70% 83%
Underweight 81% 61% 79% 67% 88%
Healthy 79% 67% 80% 73% 85%
Overweight 63% 55% 81% 69% 78%
Obese 74% 51%P 81% 63% 83%
a b NS NS NS

a = significantly (p < 0.05) less than the underweight group, b = significantly (p < 0.05) less than the healthy group.

In Table 3, we report the odds ratios for obesity in different factors affecting physical
activity. Achieving a minimum of 60 min of moderate-to-vigorous-intensity physical
activity per day is a general recommendation from the WHO. This and participation in
clubs or organized sport are frequently investigated factors. A preventive factor may
include the use of active transportation and the parental behaviour of supporting physical
activity in some way or carrying out an activity together with the child. We also analysed
two demographic factors: the parental level of education and the residency of the family. In
the first column, all the odds ratios were less than 1 (OR < 1) and seemed to be preventive
factors for obesity, but only two associations were significant. Only the club sport or
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organized sport participation (p < 0.02) and the higher educational level of the parent
(p < 0.01) were real preventive factors for obesity.

Table 3. Odds ratios for obesity in different factors affecting physical activity.

Odds Ratio for Obesity CI (95%) 4
Achieving MVPA > 60 min/day 0.74 0.40-1.37 0.34
Club sport or organized sport 0.56 0.34-0.91 <0.02
Active transport 0.97 0.46-2.05 0.95
Activity with parents 0.67 0.37-1.20 0.18
Parental support 0.75 0.28-1.98 0.56
Higher education of parents 0.25 0.14-0.43 <0.01
Residency (capital, county seat, or town) 0.83 0.48-1.39 0.48

Significance was calculated with binary logistic regression.

The order of chosen or preferred sports and the physical activity types by weight
status are shown in Table 4. We separated participation in club sport from participation
in organized sport, and we also present the types of activity performed together with a
parent. The first three most preferred forms of activity are presented in Table 4. In club
sports, football is the most preferred sport activity, even in the obese children. Only the
overweight group preferred a different type of activity, namely martial arts. Martial arts
were also in the top three most preferred choices of activity for obese and healthy weight
children. Handball, dance, kayaking, and canoeing were also popular club sport activities.

Table 4. Order of preferred sports and physical activities and ratios in different weight status.

Underweight Healthy Overweight Obese
Football (36%) Football (21%) Martial arts (31%) Football (31%)
Club sport Kayaking & Canoeing (13%) Dance (15%) Handball (17%) Martial arts (19%)
Martial arts (13%) Martial arts (13%) Football (10%) Handball (15%)
Football (26%) Dancing (14%) Swimming (15%) Football (36%)
Organized sport Swimming (14%) Football (10%) Football (15%) Working out in gym (14%)
Basketball (14%) Swimming (8%) Basketball (15%) Gymnastics (9%)
Cycling (59%) Cycling (52%) Cycling (51%) Cycling (50%)
Activity with parents Walking (31%) Walking (32%) Walking (42%) Walking (30%)
Football (23%) Football (8%) Football (13%) Football (18%)

Football was also the most preferred organized sport activity in two groups. Interest-
ingly, football demonstrated the highest participation rate in the obese group. The preferred
activities of the obese children were different from those of children in the other weight
classifications. For example, working out in a gym and gymnastics were not mentioned
by children in other weight classifications. Swimming was popular in three groups and
basketball in two.

Regarding activities with parents, we found that the same three activities were popular
in the same order in all weight classifications. These were, in order from the most popular
to the third most popular, as follows: cycling with a parent, then walking together, and
finally playing football together.

4. Discussion

The aims of this study were to collect data about school children’s overall physical
activity and their participation in organized sport and active transportation, and then
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compare the results between the different weight classifications. We also tried to identify
significant factors that could be used in obesity prevention interventions for Hungarian
children. To our knowledge, this is the first study that reports children’s sport and physical
activity participation rates and the joint activity of parents and children based on weight
status in Hungary.

Hungary has the highest obesity rate in Europe and the fifth highest prevalence of
obesity in the world. In Hungary, as in other countries with relatively high proportions of
overweight and obese adults, the rates have increased by about 1% annually. According
to the Organization for Economic Co-operation and Development [22], 33% of Hungarian
adults are obese and 67% are obese or overweight. The prevalence (22%) of overweight and
obese children and youth in our study was higher than previously published (20%) in the
Health Behaviour in School-aged Children (HBSC) study but closer to another Hungarian
study in which the prevalence was 23% [2,23].

The rate of children and adolescents who achieved the minimum 60 min of daily
moderate-to-vigorous physical activity in our study was 77%, which is much higher than
published in the HBSC global report earlier or in Polish adolescents (17%) [24]. In the
Global Matrix 4.0 report, the average of 57 countries was lower (27-33%) [9]. Our results
are in agreement with those of a study conducted in Slovakia where 66% of adolescents
met the PA recommendation [25]. An explanation might be that in Hungary, a national
physical education curriculum including five sessions of 45 min per week (1 per weekday)
and recommendations for extracurricular PA as well as school sports programs were
gradually introduced in 2012 in all Hungarian schools. A recent study found that after the
introduction of daily physical education in Hungarian schools, leisure time spent in sports
and exercise increased significantly, regardless of gender and age group [26]. Another
explanation might be that in the HBSC data collection, children fill in the questionnaires in
an online form, and they often underestimate their own physical activity. According to a
previous study using objectively measured PA in 9-12-year-old children living in Budapest,
more than 90% of them achieved the 60 min recommendation on weekdays [27].

We have found that 63% of children participate in a club sport or organized sport,
which is higher than in countries with similar economic and social environments. In
Hungary, participation in a club sport means a higher level of sport activity with highly
educated coaches and better facilities. Organized sport might be any kind of sport or leisure
time activity that generally takes place at schools and is led by a physical education teacher
or a coach who is not necessarily a member of any sport federations. In an earlier report,
the participation in organized sport was 40% lower [28], but in the HBSC study, it was
published that two-thirds of the children reported vigorous physical activity twice a week
that was related to organized sport participation [2]. Similar results were found in Slovakia
with 41% overall participation and 54% overall participation in Poland [24,25].

Despite the health benefits of active traveling, active travel to school has declined or
stabilized at a relatively low level. European active travel to school data were relatively
higher than in USA or Australia [29]. In our study, using active travel was reported by 80%
of the participants, which is higher than previously reported in Slovakia (49%) or Poland
(45%). Interestingly, active traveling declined more than 10% in Poland and Slovakia
compared to an earlier HBSC publication where the overall rate of active traveling in four
European countries (Poland, Slovakia, Czechia, and Germany) was 59% [30]. The question
that was used in our study was the same as that used in those reports [24,25].

Parent—child joint physical activity in our study was 70% in general, which is higher
than in the Slovak report (46%) or in Poland where the average was 40%. The parental sup-
port in our study, which meant the facilitation of physical activity and sport opportunities,
was 83% in general, which was higher than expected. We did not find comparable results
from Hungary, Poland, or Slovakia.

Our findings indicate that the higher education of parents is beneficial, which concurs
with results from high-income or Western countries [3,16]. There is a lack of information
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about lower-educated parental health behaviours and parental involvement or support in
youth sports.

Gender differences in physical activity are often reported in this field. A cross-sectional
study in Serbia involving 301 children reported that more boys than girls played sports
and that sport choice depended on gender. Boys preferred team sports, while girls were
oriented more towards individual sports. The most popular sports for boys were football
(28.3%), basketball (24.4%), volleyball (16.1%), and water polo (16.1%). The girls preferred
to participate in gymnastics (37.8%), volleyball (21.8%), swimming (19.3%), and water
polo (17.6%) [31]. Hebert et al. investigated the organized sport participation in Danish
primary school children with parental help. According to their results, football was the
most popular (20.7%), then handball (11.2%), gymnastics (8.3%), basketball (1.1%), and
volleyball (0.8%). They found that children participating in football were less sedentary,
performed more MVPA, and were more likely to achieve the recommended level of physical
activity than children not participating in organized sport [32]. Our findings that football
is the most popular type of activity in clubs and in organized sport concur with previous
studies. Interestingly, martial arts have not previously been mentioned among popular
activities, so they may be unique to Hungary. Hungary has several Olympic medals in
martial arts like boxing and wrestling.

According to the WHO, walking, cycling, and other forms of active non-motorized
transport are accessible and safe for everyone [21]. There is also a lack of information about
parent—child joint activities. In general, the physical activity of the Hungarian population
is mainly based on their work and housework activities. Physical activity achieved by
transport or leisure time is not common, but a cross-sectional study found that walking or
cycling is common in Hungarians living in county seats or towns and villages [33].

In our opinion, these results report the striving for a healthier lifestyle based on
parental support and motivation.

The present study has several limitations. First, this study was cross-sectional rather
than longitudinal, and the data might report only a short period of physical activity
behaviour in school children. Second, the data were collected online, which might have
also limited the accuracy of the data. There are many factors that can increase or decrease a
child’s participation in physical activity and sport, which were not measured in this study:.
The frequency and duration of sport or organized physical activity were not analysed.
Eating habits and sedentary behaviour were not investigated in our study.

5. Conclusions

Based on our results, the physical activity and club and organized sport participation
of children increased in Hungary. The overweight and obese children had almost the same
participation rates in sport activities as children in other weight classifications. Higher
education of parents and club sport or organized sport participation were preventive in
childhood obesity. Football was the most popular type of club or organized sport activity
and the third among joint activities with parents. The increased physical activity might be
explained by the daily PE in schools and the governmental support of sport. Our results
suggest that besides the introduced daily PE, other lifestyle interventions are needed
to maintain or decrease the prevalence of overweight and obesity. Further studies and
measures are needed to prevent overweight and obesity in children of parents with a lower
educational level.
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Abstract: This longitudinal study aimed to analyze the effects of a team rowing-based training
program on physical fitness and anthropometric parameters in female breast cancer survivors (1 = 40;
56.78 £ 6.38 years). Participants were divided into two groups: one rowed in fixed seat rowing
(FSR) boats (n = 20; 56.35 £ 4.89 years) and the other in sliding seat rowing (SSR) boats (n = 20;
57.20 £ 7.7 years). Both groups engaged in two 75-min sessions per week for 24 weeks. Signif-
icant improvements were observed in both groups in resting heart rate (FSR: —10.65 bpm; SSR:
—8.45 bpm), heart rate at the beginning of the 6-min walk test (6 MWT) (FSR: —10.7 bpm; SSR:
—11.25 bpm), and heart rate at the end of the test (FSR: —13.85 bpm; SSR: —20.35 bpm). Blood pressure
improved significantly in both diastolic blood pressure (FSR: —12.35 mmHg; SSR: —19.25 mmHg) and
systolic blood pressure (FSR: —13 mmHg; SSR: —16.95 mmHg). Additionally, both groups increased
the distance covered in the 6 MWT (FSR: +63.05 m; SSR: +93.65 m). These results suggest that a
rowing training program is a viable and safe activity for female breast cancer survivors, improving
cardiac function, blood pressure, and cardiorespiratory capacity, particularly in sliding seat boats.

Keywords: rowing; breast cancer; physical activity; cardiac function; exercise

1. Introduction

The evolution of scientific knowledge is changing the paradigm of cancer from di-
agnosis and subsequent pharmacological treatment to a holistic and multidisciplinary
approach that treats the individual through comprehensive therapeutic programs. In this
regard, physical exercise has been postulated to play an important role in protecting against
cancer [1]. As an example, it has been noted that the risk of breast cancer-related mortality
appears to be significantly lower among survivors who adopt a physically active routine,
in contrast to those who lead a sedentary lifestyle [2].

Breast cancer represents the most prevalent type of cancer in women, with 2.3 million
diagnoses in 2020, and is the leading cause of cancer-related deaths in the female population
on a global scale [3]. Despite this, the survival rate is close to 90% in most countries, so
there is a high number of women who survive the disease for at least 5 years after initial
treatment [4,5]. However, despite this high survival rate, it is important to note that the
side effects associated with the disease and its treatment, such as cancer-related fatigue [6],
lymphedema [7], cardiovascular disease [8,9], loss of bone mass [10], or psychological
problems such as anxiety or depression [11], can persist for long periods of time, ranging
from months to years.

If we focus on the side effects produced or exacerbated by the treatment of oncological
diseases, we find that cardiovascular diseases and breast cancer share numerous risk factors
such as age, diet, family history, alcohol consumption, obesity and overweight, level of
physical activity, and tobacco use [8]. Yet, they share an even more relevant common risk
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factor, since current breast cancer treatments, based on chemotherapy, radiotherapy, and
endocrine therapies, have a potentially deleterious effect related to cancer-induced car-
diotoxicity and, consequently, to the development of cardiovascular disease [8,9]. Therefore,
there is a need to examine which types of complementary non-pharmacological interven-
tions can help to reduce the risk of developing cardiovascular disease in female breast
cancer survivors.

The diagnosis of cancer is often accompanied by drastic changes in a person’s life. Taking
into account that the lifestyle adopted can positively influence the chances of survival of the
disease [12], as well as protect against the possible sequelae of treatment [13,14], scientific
evidence has shown that engaging in physical exercise can reduce the onset of symptoms
associated with cancer treatment and improve physical fitness and mental health [1,6,15,16]. This
research has shown that a controlled training program can produce significant improvements
in aerobic capacity, as well as an increase in muscle mass and strength, in addition to improving
functionality of the upper limbs in women with breast cancer [17-20]. The majority of the
studies consulted affirm that physical activity positively influences health status, mood, and
body composition, positively affecting the quality of life of survivors [15,16,21-23].

Despite the proven benefits of exercise and its positive impact on the health of women
with breast cancer [1,8,24,25], the level of physical activity is significantly reduced during
cancer treatment [26], and remains even lower than it was before diagnosis [25]. Unfor-
tunately, studies have shown that women who have been diagnosed with breast cancer
decrease their physical activity by 11%, falling even further in those who are treated with
chemotherapy (50%) and radiotherapy (24%), compared to untreated women [26]. Fatigue,
low motivation, kinesiophobia, fear of lymphedema, and difficulties in accessing sports
facilities are the main barriers to participation in physical activities in cancer patients [4].

Additionally, we must also consider that persistent chronic pain and sensory changes
are common sequelae following breast cancer surgery. Studies report that between 20%
and 60% of women experience persistent pain, primarily felt in the anterior chest, arms,
and axillae after breast cancer surgery, significantly worsening their quality of life [27,28].
This pain has a neuropathic character and is often attributed to the sectioning of the
intercostobrachial nerve (ICBN), which frequently occurs during treatments involving
lymphatic axillary dissection. This results in numbness of the upper limb and thoracic
wall, and restriction of upper limb movement [29,30]. In this context, physical activity and
physiokinetotherapy techniques can serve as fundamental tools in preventing associated
problems and preserving mobility and muscle strength, improving functionality, posture,
and reducing the risk of lymphedema in the areas most affected by this disease [31,32].
Therefore, it is important to promote strategies and activities that encourage adherence to
physical activity, even during the treatment of the disease [33].

Within this context, programs based on rowing have now emerged as a possible non-
pharmacological therapy to ameliorate the side effects of cancer and to slow the decline
associated with cancer and its treatment [4,7,34,35]. Rowing is a water sport in which a
boat is propelled by the use of oars. In this discipline, rowers use the oars as second-degree
levers, moving them in the opposite direction to the forward motion of the boat. Some of
the benefits associated with this type of rowing-based exercise indicate an improvement in
the physical condition of the participants [4,36], mental and psychological health [37-39],
prevention of lymphedema [7,40], and ultimately, an improvement in the quality of life of
women rowers [4,34,35].

It is important to note that there are two main types of rowing: sliding seat rowing
(SSR), characterized by movement of the seats to facilitate leg thrust, and fixed seat rowing
(FSR), in which the rowers remain in a static seat during the exercise [41]. There are
clear biomechanical differences in the technical movements between the two modalities,
particularly with regard to the upper limbs. In FSR, overhead shoulder flexion is required
to execute the necessary movements. In contrast, in SSR, the movement of the arms is
performed at shoulder height, which helps to reduce the strain on the upper extremities
and trunk [35].
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Rowing was chosen because it involves the muscles of both the upper and lower
extremities, as well as virtually every muscle in the body. Nevertheless, the distinguishing
feature that sets it apart from most other sports is the cyclic and alternating action of
flexion and extension of the upper and lower extremities, as well as the involvement of the
stabilizing muscles of the trunk and back during the different phases of rowing [42,43].

Currently, limited evidence is available on the impact of rowing on cardiac function
and blood pressure in breast cancer survivors [44]. Therefore, the aim of the following
study will be to examine the influence of a rowing-based training program on cardiac
function and aerobic capacity in female breast cancer survivors, as well as to compare the
influence of boat type on the possible cardiovascular adaptations.

2. Materials and Methods
2.1. Design and Participants

This research is part of concurrent clinical trials. To support this, a 24-week training
regimen, conducted twice a week, was developed for use in both FSR and SSR boats
(Figure 1). Various breast cancer support groups were approached and given the opportu-
nity to participate in a free 24-week rowing program, which included physical evaluations
at the beginning and conclusion of the program. The only criteria for participation were
a history of breast cancer and approval from their oncologist to engage in moderate

physical activity.
Program End
Start Program
Mietiog Rowing exercise program (FSR/ SSR) %
Show |
Program ) s o ° o
. " ! June
Weeks/  December January 1 8 16 24 2023
Date 2022 2023 1% Stage 24 Stage 3 Stage o
Pre-test o; ;les
AM - e
VRV 6MWI

Figure 1. Timeline of the study. 6 MWT: 6-min walk test; AM: anthropometric measurements.

The participants (1 = 40), aged 56.78 £ 6.38 years, were recruited on the condition that
they had been diagnosed with breast cancer 6.58 + 5.72 years previously, with varying
degrees of involvement and with subsequent surgery, as shown in Table 1.

Table 1. Characteristics of the sample.

Breast (%)

Right: 37.5 Left: 57.5 Both: 5.0
Stage (%)
175 1I: 37.5 III: 40.0 IV:15.0
Surgery (%)
Breast Conserving: 50.0 Total Mastectomy: 42.5 Double Mastectomy: 7.5

After the initial selection, the nature of the study was explained to the participants,
indicating that their anonymity would be maintained at all times, following the ethical
considerations of Sport and Exercise Science Research [45] and with the principles included
in the Declaration of Helsinki [46], which define the ethical guidelines for research in
humans. The University of Malaga provided the identification number registered for the
Ethics Committee: 65-2020-H, and the participants (Figure 2) provided written informed
consent. Throughout the intervention and subsequently, we acted under the provisions of
organic law 3/2018, of December 5, on the Protection of Personal Data and Guarantee of
Digital Rights, regarding the protection of personal data under Spanish legislation.
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Subjects Contacted

Group
Assignment

Subjects
unsubscribed

Subjects
unsubscribed

N=2 N=6

Follow-U;
Subjects did not P Subjects did not
attend 90% attend 90%
of sessions of sessions
N=6 N=4
Subjects completed the Analysis Subjects completed the

FSR program SSR program

Figure 2. A flow diagram of the sample selected for this study.

2.2. Instruments

A Tanita model BC730 scale (Tanita Corporation, Tokyo, Japan), accuracy 0.1 kg, was
used to weigh the subjects, and a SECA model 213 portable measuring rod (Seca GmbH &
Co. KG, Hamburg, Germany), accuracy 0.1 cm, was used to measure height. The 6-min
walk test was used to evaluate cardiac function, which is a valid and reliable test that
assesses a person’s cardiorespiratory capacity by measuring the maximum distance they
can walk on a flat surface in 6 min. At the same time, heart rate per minute was monitored
immediately before and after finishing the test using a Polar H10 chest strap (Polar Electro
Oy, Kempele, Finland), which was fitted before the start of the test and transmitted the
signal to the POLAR tablet application. For blood pressure measurement, the Omron M6
Comfort IT brachial blood pressure monitor (Omron Healthcare Co., Ltd., Kyoto, Japan)
was used, which indicates systolic and diastolic blood pressure and pulse rate per minute.

2.3. Procedure

Among all the women who expressed interest, a series of physical fitness assessments
were conducted. With equivalent anthropometric measurements (weight, height, BMI) and
test results, a participant was assigned to one group (FSR or SSR). The participant with the
most comparable results was assigned to the other group (SSR or FSR). Subjects participating
in the study already engaged in moderate and regular physical activity. The participants were
thus divided into two training groups with similar characteristics (Table 2):

Table 2. Descriptive analysis of study subjects according to training group.

TOTAL Fixed Seat Rowing Sliding Seat Difference of

(SSR + FSR) (FSR) Rowing (SSR) Means (FSR-SSR) P
Age (years) (SD) 56.78 (6.38) 56.35 (4.89) 57.2(7.7) —0.85 (2.04) 0.679
Height (cm) (SD) 162.05 (5.59) 161.9 (4.91) 162.2 (6.33) —0.3 (1.79) 0.868
Weight (kg) (SD) 69.49 (9.8) 72.05 (8.11) 66.92 (10.85) 322 (3.11) 0.307
BMI (kg/m?) (SD) 26.48 (3.58) 27.48 (2.73) 25.47 (4.09) 1.50 (1.18) 0.215
Rest HR (bpm) (SD) 94.33 (11.81) 96.1 (11.54) 92.55 (11.51) 3.55 (3.91) 0.241
Initial Test HR (bpm) (SD) 92.83 (12.76) 94.1 (14.21) 91.55 (10.58) 2.55 (4.05) 0.974
Final Test HR (bpm) (SD) 139.5 (18.44) 141,75 (18.67) 137.25 (17.44) 45 (6.32) 0.888
Diastolic BP (mmHg) (SD) 160.03 (13.37) 158.25 (12.8) 161.8 (13.35) —3.55 (4.69) 0.405
Systolic BP (mmHg) (SD) 100.78 (10.19) 100.55 (10.51) 101 (9.59) —0.45 (3.9) 0.856
6 MWT (m) (SD) 784.78 (103.64) 817.25 (51.1) 752.3 (127.37) 64.95 (44.43) 0.077
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1.

The 24-week rowing training program was divided into three 4-week stages. These
stages progressively increased in intensity and were adjusted through the participants’
subjective perception of effort using the Borg scale [47].

Initial phase with mobility exercises, proprioceptive exercises, and postural control
exercises. Main phase with rowing training. Final phase with stretching. Borg scale 5-6.
Intermediate phase with mobility exercises, proprioceptive exercises, and postural
control exercises. Main phase with rowing training. Final phase with stretching. Borg
scale 6-7.

Final phase with mobility exercises, proprioceptive exercises, and postural control exercises.
Main phase with rowing training. Final phase with stretching. Borg scale 7-8.

Throughout the program, there were 2 days of training per week. Each session lasted
75 min. These sessions were supervised by a trainer who ensured attendance, correct
execution of the tasks, and intensity of the sessions, in addition to excluding from the study
those subjects who did not achieve at least 90% participation. Each training session had the
same structure:

Initial part performed with warm-up, mobility, proprioceptive, and postural control
exercises, all performed in a multipurpose room (5-10 min).

Cool down: Flexibility exercises to relax the muscles and bring the body back to its
initial state after the effort (10-15 min).

2.4. Data Analysis

All analyses were performed with the IBM SPSS Statistics 25 statistical package. The
significance level was set at p < 0.05. The adjustment of the different variables to the normal
distribution was assessed by both graphic procedures and the Shapiro-Wilk test.

To determine whether there were differences as a result of the rowing training un-
dertaken by the participants, the medians of each variable pre- and post-intervention
were analyzed using the Wilcoxon test for related samples (paired data). In addition,
the graphic analysis of the different variables was performed using boxplots or box and
whisker plots. To analyze whether there were differences according to the rowing training
performed by the participants, the data from the pre-test and post-test measurements were
compared through the different tests. The estimated between-subject marginal means
(Boat*Measurement) and the standard deviation were considered when quantifying the
interaction between the variables and their longitudinal evolution through a repeated-
measures ANOVA, applying the Bonferroni post hoc test.

3. Results

Table 3 shows the evolution of the results obtained after carrying out the rowing-
based training protocol taking into account the measurements in both groups. There was
a significant improvement in the mean values for cardiac variables, blood pressure and
cardiorespiratory capacity after the intervention program.

Table 3. Within-subject analysis of the study variables after the intervention program.

Pre-Test (SD) Post-Test (SD) Apre-post (SD) Student’s t Effect Size 4

Rest HR (bpm) 94.33 (11.81) 84.78 (11.27) —9.55 (7.29) 8.275 1.154 0.000 **
Initial Test HR (bpm) 92.83 (12.76) 81.85/11.35) —10.97 (7.59) 9.145 1.2 0.000 **
Final Test HR (bpm) 139.5 (18.44) 122.4 (19.17) —17.1 (15.69) 6.891 2.481 0.000 **
Diastolic BP (mmHg) 160.03 (13.37) 144.23 (18.6) —15.8 (16.36) 6.109 2.587 0.000 **
Systolic BP (mmHg) 100.78 (10.19) 85.8 (9.8) —14.97 (10.86) 8.716 1.718 0.000 **
6 MWT (m) 784.78 (103.64) 863.13 (108.75) +78.35 (62.57) —7.92 9.893 0.000 **

Bpm = beats per minute; mmHg = millimetres of mercury; SD = standard deviation; MS = mean square.

*p < 0.001.
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If we look at the differences obtained according to the type of vessel used in the
training program (Table 4), we see that both the subjects who performed FSR and those
who performed SSR significantly improved all the parameters related to cardiac function
and cardiorespiratory capacity. Furthermore, in the SSR group, better results were obtained
after the intervention protocol in all the variables of the study compared to the FSR group
(Initial HR, Final HR, Diastolic BP, Systolic BP and the 6-min walk test [6 MWT]), except in
Rest HR, which also shows a positive evolution.

Table 4. Within-subject analysis of the study variables according to boat type.

Fixed Seat Rowing (FSR) Sliding Seat Rowing (SSR)

Interaction Effect Boat

Measurement
Pre-Test (SD) Post-Test (SD) ~ Apre-post Pre-Test (SD) Post-Test (SD)  Apre-post MS F p
Rest HR (bpm) 96.1 (11.54) 85.45 (11.28) —10.65 92.55 (11.51) 84.1 (10.93) —8.45  126.05 0.9 0.000 **
Initial test HR (bpm) 94.1 (14.21) 83.4 (12.86) -10.7 91.55 (10.58) 80.3 (8.99) —11.25 65.02 0.39  0.000 **
Final test HR (bpm) 141,75 (18.67) 1279 (22.38)  —13.85  137.25 (17.44) 1169 (1247)  —2035 2025 059  0.000 **
Diastolic BP (mmHg)  158.25 (12.8) 1459 (17.32)  —1235  161.8 (13.35) 14255 (19.2)  —1925 12605 07  0.000 **
Systolic BP (mmHg) 100.55 (10.51) 87.55 (8.11) -13 101 (9.59) 84.05 (10.73) —16.95 2.02 0.02  0.000 **
6 MWT (m) 817.25 (51.1) 880.3 (69.96) +63.05 752.3 (127.37) 845.95 (132.58) +93.65 42,185.02 4.25 0.000 **

Interaction Effect Boat Measurement refers to the influence of the type of boat used according to the training
group on the variables. Bpm = beats per minute; mmHg = millimetres of mercury; 6 MWT = 6-min walk test;
SD = standard deviation; MS = mean square. ** p < 0.001.

An in-depth analysis of the results is shown in Figure 3, considering the type of boat
used in the training protocol and the evolution of the variables associated with cardiac
function at rest, before starting the 6 MWT and at the end of the test. Both groups had
significant improvements in resting heart rate (FSR: Apre-post Rest HR = —10.65; p = 0.000;
SSR: Apre-post Rest HR = —8.45; p = 0.000), initial rate before the test (FSR: Apre-post Initial
HR = —10.7; p = 0.000; SSR: Apre-post Initial HR = —11.25; p = 0.000) and final rate after the
test (FSR: Apre-post Final HR = —13.85; p = 0.000; SSR: Apre-post Final HR = —20.35; p = 0.000).
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Figure 3. Comparison of cardiac variables before and after rowing training according to boat type.
HR = heart rate; FSR = fixed seat rowing; SSR = sliding seat rowing. *p < 0.05; ** p < 0.001.

Figure 4 provides the blood pressure measurements obtained before and after the
6 MWT. Both the FSR and SSR groups showed significant improvements in systolic (FSR:
Apre-post Systolic BP = —13; p = 0.000; SSR: Apre-post Systolic BP = —16.25; p = 0.000) and
diastolic (FSR: Apre-post Diastolic BP = —12.35; p = 0.000; SSR: Apre-post Diastolic BP = —19.25;
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p = 0.000) blood pressure, although these improvements were slightly greater in the women
who rowed in the SSR group.
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Figure 4. Comparison of blood pressure before and after rowing training according to boat type.
BP = blood pressure; FSR= fixed seat rowing; SSR = sliding seat rowing. ** p < 0.001.

4. Discussion

In recent years, therapeutic programs based on rowing have been proposed as a type
of non-pharmacological strategy that modulates adverse effects in female breast cancer
survivors by involving moderate-intensity physical exercise that combines aerobic and
muscle strength training [35]. The potential of this activity lies in a viable, sustainable, and
safe model that can be tolerated by different age groups [7,35,44]. Consequently, recent
studies have shown, after 4 years of follow-up, that women who participated in dragon
boat training were able to maintain their cardiac parameters within normal ranges for
their age (compared to healthy active individuals), despite chemotherapy treatment, in
addition to not developing any type of cardiac condition during this period [44]. Other
studies, conducted over 12 weeks in this type of vessel, have reported a 30% improve-
ment in cardiorespiratory capacity, also measured through the 6 MWT [4]. Despite these
improvements, there are no studies that verify which type of boat is more suitable when
designing novel therapeutic programs based on rowing activity, since the muscle groups
and exercise dynamics involved in fixed seat rowing differ from rowing on a sliding seat.

With this in mind, statistically significant improvements in cardiac function, systolic
and diastolic blood pressure, and cardiorespiratory capacity can be observed when analyz-
ing the results of our study. These improvements after implementation of the intervention
protocol occur in both the FSR group and the rowers who participated in the SSR. When
comparing the groups, a higher rate of improvement in resting heart rate can be seen in the
FSR group, while the female breast cancer survivors who participated in the SSR group had
greater improvements in the variables of heart rate before and after the 6 MWT, systolic and
diastolic blood pressure, and distance traveled in the 6 MWT (directly correlated with the
cardiorespiratory capacity and VO2max of the subjects). According to the data, although
the rowing activity itself can promote cardiac adaptations that optimize the functioning of
the cardiovascular system, with the SSR modality, greater adaptations occur comparatively
considering the same time span (12 weeks).

Cardiac function adaptations were also found after a 12-week intervention when we
compared the results, focusing on the variables of our study, with previous studies that
used rowing training programs in breast cancer survivors [48]. The results showed a 10%
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improvement in the systolic and diastolic blood pressure of the participating women. These
results are consistent with other rowing studies, such as those by Stefani et al. [44], which
showed significant improvements in diastolic function in women breast cancer survivors
treated with chemotherapy after 4 years of dragon boat training [44], or by Serra et al. [49],
who found that a 16-week resistance training program improved systolic and diastolic
blood pressure by 5% in breast cancer survivors. These results indicate the positive impact
that a professionally supervised intervention program based on rowing could have on
myocardial function, even in women previously treated with chemotherapy [44].

This is important because one of the main problems associated with oncological treat-
ments is chemotherapy-induced cardiotoxicity, which has direct and indirect adverse effects
on the cardiovascular system [9,50,51]. As an example, it has been shown that the inci-
dence of left ventricular dysfunction among patients treated with certain anticancer drugs,
such as high-dose doxorubicin (700 mg/m?), can reach 48%. The incidence of myocardial
ischemia due to 5-fluorouracil (5-FU) can be as high as 10% [52,53]. Furthermore, between
26% and 93% of patients with arsenic trioxide show a prolonged QT interval, and many
develop life-threatening ventricular tachyarrhythmias [54]. As a result, chemotherapy-
induced cardiotoxicity has been associated with cardiovascular diseases such as myocardial
dysfunction, heart failure, coronary artery disease, arrhythmias, arterial hypertension,
thromboembolic disease, peripheral vascular disease, pulmonary hypertension, and peri-
cardial complications [9,55].

In this context, clinical trials in breast cancer survivors based on pharmacological
strategies (e.g., beta-blockers, angiotensin-converting enzyme inhibitors, etc.) have shown
some benefits in the treatment of cardiovascular disease, but also adverse effects [8]. A
rowing-based training program offers a non-pharmacological therapy that can safely
contribute to achieving the goals proposed by the American College of Sports Medicine
(ACSM), which recommends that cancer survivors perform at least 150 min of moderate
physical activity or 75 min of vigorous exercise, as well as incorporating strength training,
twice a week [56]. Reviews, such as that by Sturgeon et al. [10], suggest that aerobic
exercise has a moderate effect on improving cardiac function in women with breast cancer,
consistent with findings in disease-free populations. Furthermore, Gonzalo-Encabo et al. [8]
after reviewing published studies, found that 16 weeks of aerobic and resistance training
can reduce the risk of cardiovascular disease by 15% in Hispanic and Latina breast cancer
survivors (at greater risk than the rest of the population of developing this type of disease).

Rowing is an activity that combines the benefits of aerobic exercise and strength
training and can have a beneficial effect on cardiovascular health in female breast cancer
survivors [48]. In this study, we can see a directly proportional relationship between
cardiorespiratory capacity, heart rate, and blood pressure in female rowers who participated
in both training groups. Better cardiorespiratory capacity improves the heart’s ability to
maintain function and pump blood with less effort [57]. Exercise can also improve the
regulation of the autonomic nervous system, reducing the activity of the sympathetic
nervous system (which increases blood pressure and heart rate) and increasing that of the
parasympathetic nervous system (which decreases heart rate) [9,26]. Our study showed
an overall improvement of 9-10 beats less at rest after 12 weeks of training. In addition,
exercise-induced improvement of endothelial function [8] may lead to improved arterial
health contributing to the prevention of diseases such as hypertension. As we can see,
after 24 weeks of rowing training, diastolic blood pressure decreased overall by 10%, while
systolic blood pressure decreased by 15%. Moreover, these results were more prominent in
the SSR group rowing on a sliding seat boat than in the FSR group, which rowed on a fixed
seat boat.

In our case, we have used rowing as a novel discipline since, prior to our studies,
there was no literature on this activity, which, like dragon boating, is conducted on water.
Despite being a minimally injurious social sport that exercises the entire body through
symmetrical movement, rowing does not have the same tradition as dragon boating [40,58].
Furthermore, our country has a strong tradition of rowing, not only at the competitive
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Olympic level (sculling) but also deeply rooted in coastal culture and tradition (fixed seat
rowing). This is why we distinguished these two groups.

On the other hand, the risk of lymphedema following axillary surgery, such as axillary
lymph node dissection, is a significant concern for breast cancer patients [59]. Engaging in
physical activities, including rowing, poses potential risks and benefits. Rowing, which
involves repetitive upper body movements and considerable exertion, can potentially
exacerbate lymphedema due to increased fluid accumulation and stress on the lymphatic
system. However, controlled and supervised physical activities have been shown to
be beneficial in maintaining lymphatic function and reducing the risk of lymphedema,
improving circulation and acting on the muscle as a pump during muscle contraction,
which promotes venous and lymphatic drainage [7,60]. It is crucial for patients to consult
with healthcare providers to develop personalized exercise programs that consider the type
and extent of surgery, current physical condition, and risk factors for lymphedema. Proper
technique, gradual progression, and the use of compression garments during physical
activity can also help mitigate the risks associated with rowing and other upper body
exercises [7,58].

Despite advances in research on the relationship between physical exercise and non-
pharmacological oncological therapy, there is still insufficient scientific evidence to develop
an exercise prescription for most people with this disease [10]. More research is therefore
needed to understand how physical activity and sport interact with the disease, what
the consequences are for the individual and what the best strategies are for oncological
rehabilitation through exercise [21,24].

The strength of this pioneering study is the data it provides on physical activity and
rowing, not only demonstrating that rowing is a viable and safe sport for breast cancer
survivors, but also which type of boat produces the greatest positive changes in cardiac
function in the participants. However, the study also has some limitations related to the
sample power of the participants. Our findings are based on a relatively small sample, due
to the very specific population encompassed by the study, the complexity in its recruitment
and subsequent follow-up during the intervention protocol.

5. Conclusions

The present study shows that a rowing-based therapeutic program, combining aerobic
and muscular strength exercises, can be a viable and safe strategy to improve cardiovas-
cular health in female breast cancer survivors. It has been demonstrated that 24 weeks
of rowing training can significantly improve cardiac function, blood pressure, and car-
diorespiratory capacity, and may mitigate the adverse effects of cardiotoxicity induced
by cancer treatments. These results are particularly noteworthy in the group using SSR
boats, which showed greater cardiovascular adaptations compared to the group using FSR
boats. This novel study highlights the importance of further exploring and validating the
beneficial effects of physical exercise in cancer rehabilitation, opening the door to new
non-pharmacological therapeutic strategies to improve the health and well-being of this
vulnerable population.
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Abstract: Based on previous research studies and systematic reviews, success in sport climbing seems
to be determined by variables such as strength, power, or endurance. However, besides strength-
endurance parameters, several other factors may influence the performance of sports climbing.
Moreover, there is a lack of research assessing differences in body composition and anthropometric
parameters between lead climbing and bouldering—the two most common sport climbing subdisci-
plines. The presented research analyzed the connection between body mass, body height, body mass
index, and the best result in sport climbing among male lead climbers and boulderers. Addition-
ally, we investigated differences in starting climbing age and climbing experience in both climbing
subdisciplines. We analyzed 422 male sport climbers” profiles in two categories: “Route Ranking:
Top-10 climbs last 12 months” for lead climbers and “Boulder Ranking: Top-10 climbs last 12 months”
for boulderers based on the 8a.nu world ranking website. The results showed that the “Elite” and
“Higher Elite” lead climbers had lower body mass and lower body height. These differences were
also observed between “Elite” and “Higher Elite” lead climbers. The “Higher Elite” group started
climbing at a younger age and had a more extended period to achieve the most challenging route
than “Elite” climbers in both subdisciplines. Our results suggest that lower body mass and lower
body height can be key factors in lead climbing performance.

Keywords: sport climbing; lead climbing; bouldering; body composition; anthropometry

1. Introduction

Over the last few decades, a significant increase in interest in sports climbing has
been observed [1]. It is a relatively young sport discipline included in the Tokyo 2020
Olympic Games program [2]. The subdisciplines of sports climbing presented in Tokyo
were lead climbing, bouldering, and speed climbing. The first two subdisciplines are the
most frequently trained sport climbing styles [2-4]. There are many differences between
bouldering and lead climbing regarding the length of the climbing route, belaying methods,
and the nature of physical effort. In bouldering, the climber ascends short technical boulder
routes up to 4-5 m on low walls using crash mats instead of ropes [4,5]. The climbing routes
in lead climbing are much longer (10 to 40 m) and, thus, contain more movements than in
bouldering. In lead climbing, the climber is attached to a rope clipped into permanent bolts
using “quickdraws”, spaced intermittently from the bottom up [3-5]. Different forms of
sport climbing require different sets of skills and physiological conditions [2]. Nevertheless,
only a few previous research studies have compared the physical characteristics of sport
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climbers between lead climbing and bouldering subdisciplines. Lead climbing is charac-
terized by more static, slow, and controlled movements than bouldering [6]. Moreover,
lead climbers are more capable of longer routes than boulderers, with a shorter climbing
duration (30 s for bouldering vs. 2-7 min for lead climbing). On the other hand, bouldering
routes are shorter, but the movements are performed with maximum effort [4,5]. This
suggests that bouldering can be classified as a strength subdiscipline, while lead climbing is
characterized by endurance effort [5]. Several studies showed that boulderers are character-
ized by higher explosive strength of the forearm muscles compared to lead climbers [6-8].
The differences between lead climbers and boulderers were also observed at the genetic
level and concern the functional polymorphism of the ACTN3 gene, which, depending on
the genotype, is associated with the strength or endurance of skeletal muscles [9].

According to the systematic review by Saul et al. [10], the anthropometric data con-
nected with success in sports climbing are large bone-to-tip pulp associated with generating
a higher lifting force, and great forearm volume is an indirect parameter of muscle mass.
Moreover, in several research studies, body mass values differ significantly between sport
climbers and controls [11,12]. However, differences in body mass and height can vary
within the groups because the researchers tried to recruit subjects of similar age and body
size to compare physiological parameters like strength and endurance. Therefore, this
generates difficulty in interpreting this data type in studies analyzing other main motor
and physiological parameters. Several studies showed differences in anthropometrical,
physiological, and strength-endurance parameters between elite sport climbers, less ad-
vanced athletes, and controls [13]. However, so far, there are no studies comparing body
composition, anthropometric parameters, or the age of peak performance between lead
climbers and boulderers.

Thus, the present study investigated the relationship between age, climbing experience,
and anthropometric data (body mass, body height) and the best result achieved by male
sport climbers in bouldering and lead climbing in natural rock formations.

2. Materials and Methods
2.1. Participants

The analysis was carried out with the consent of the Bioethics Committee of the Medical
University of Lublin (KE-0254/93/2020). For the study, the competitors” profiles from “www.
8a.nu (accessed on 30 August 2020)” were analyzed in two categories: “Route Ranking: Top-10
climbs last 12 months” and “Boulder Ranking: Top-10 climbs last 12 months”. The www.8a.nu
website consists of volitional self-reporting data that serve as experimental variables. The
first 500 profiles were analyzed in each category. The data are made public voluntarily and
free of charge. The values of the ascent difficulty level have been adopted according to the
recommendation of the International Rock Climbing Research Association (IRCRA) [14]. The
rock-climbing ascent difficulty level values have been converted from the French scale for
lead climbing and from the Font scale for bouldering to the IRCRA level [14].

The following exclusion criteria were applied: profile incompleteness (lack of at least
one record in the athlete’s profile), sports classification below the “Elite” level, and female
sex due to the small number of female athletes in the “Elite” and “Higher Elite” categories
included in the www.8a.nu ranking.

Based on the above criteria, 422 male profiles were qualified for the study. The “Route
Ranking: Top-10 lead climbs last 12 months” category included 164 lead climbers (average
age = 28 £ 8 years), 86 lead climbers in the “Elite” group (IRCRA = 26 £ 1), and 78 lead
climbers in the “Higher Elite” group (IRCRA = 29 + 1). In comparison, 258 boulderers
(average age 27 + 6) were qualified for the “Boulder Ranking: Top-10 climbs last 12 months”
category, including 114 boulderers in the “Elite” group (IRCRA =26 £ 1) and 144 boulderers
in the “Higher Elite” group (IRCRA =29 + 1).
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2.2. Procedure and Data Preparation

Four independent researchers conducted the data collection from the www.8a.nu rank-
ing website. Two of them assessed athletes’ profiles in lead climbing. The others assessed
sport climbers’ profiles in bouldering. After analysis of the athletes” profiles and initial
qualification for the present research, the authors analyzed the qualified profiles among
themselves. After double-checking the examination, the qualified athletes” profiles did
not differ between the two independent studies. The extracted and examined parameters
from the www.8a.nu ranking website included the hardest lead climbing route or boulder
ascent in Red Point (RP) style, age when climbing the hardest route or boulder, years
of climbing experience, body mass, and body height. After obtaining and checking the
above-mentioned data, additional parameters were calculated. Body mass index (BMI) was
calculated based on body height and body mass. The time to achieve the best climbing
ascent was calculated based on the year of climbing the hardest route or boulder and the
year of starting climbing based on the formula:

The time to achieve = the year of the hardest climb — the year of starting climbing (1)

Based on the hardest route or hardest boulder ascent, the sport climbers were qualified
for the “Elite” and “Higher Elite” groups according to IRCRA standards. The qualification
of the athletes to one of the groups was carried out using the IRCRA scale, which is used to
classify climbing routes for statistical calculations [14]. The “Elite” level for lead climbers
was determined between 24 and 27 IRCRA points (between 8a+ and 8c on the French scale).
The “Higher Elite” level for lead climbers was determined between 28 and 32 IRCRA points
(between 8c+ and 9b+ on the French scale). The “Elite” level for boulderers was marked
between 24 and 27 IRCRA points (between 7C and 8A+ on the Font scale). The “Higher
Elite” level for boulderers was determined between 28 and 32 IRCRA points (between 8B
and 8C+ on the Font scale).

2.3. Statistical Analyses
The analysis of the obtained results was performed as described below:

1. Comparison of the age of starting climbing, age when climbing the hardest route, time
to achieve the hardest route, body mass, body height, and BMI between the “Elite”
and “Higher Elite” groups in the lead climbing.

2. Comparison of the age of starting climbing, age when climbing the hardest route, time
to achieve the hardest route, body mass, body height, and BMI between the “Elite”
and “Higher Elite” groups in bouldering.

3. Comparison of the age of starting climbing, age when climbing the hardest route, time
to achieve the hardest route, body mass, body height, and BMI between the “Elite”
and “Higher Elite” groups between lead climbers and boulderers.

4. Comparison of the age of starting climbing, age when climbing the hardest route,
time to achieve the hardest route, body mass, body height, and BMI collectively in the
“Elite” and “Higher Elite” groups between lead climbers and boulderers.

Statistical analyses were performed using the IBM SPSS STATISTICS 21 program (IBM
Corp., Armonk, NY, USA). The Shapiro-Wilk test and the Kolmogorov-Smirnov test (with
the Lilliefors correction) were applied first to verify the normality of the distribution. When
the distribution was close to normal, the ANOVA parametric test was used, and when it
was non-normal, the non-parametric Kruskal-Wallis test was used. The level of significance
was determined at p < 0.05.

3. Results

The results of the Shapiro-Wilk normality test in “the age of starting climbing” and
“age when climbing the hardest route” in “Elite” and “Higher Elite” lead climbers were
close to normal. Thus, the ANOVA parametric test was used. In other cases, the distribution
deviated from normality. Therefore, the non-parametric Kruskal-Wallis test (x2) was used.
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3.1. Lead Climbing vs. Boulderers

The comparison of the climbers in the “Elite” groups between the lead climbers and
boulderers showed that the lead climbers started to climb at a younger age (14.3 &= 4.7 years
vs. 16.3 + 5.3 years; p = 0.001) and had a longer time to achieve the hardest route than
boulderers (11.1 + 4.8 years vs. 8.6 + 5.1 years; p = 0.001) (Tables 1 and 2). The remaining
parameters were not statistically significantly different (p > 0.05).

Table 1. Characteristics of sport climbers (mean values + standard deviation).

Age of Time to Age When
Grows N Age(Yearsy  Starting  BodyMass pody BMI IRCRA Achievethe  Climbing the
P 8 Climbing (kg) & (kg/m?) Hardest Route =~ Hardest Route
(cm) Result
(Years) (Years) (Years)
ELC 86 275+72 14.3 +4.7 65.7 +9.1 175.5 + 8.6 21.3+2.3 26.6 + 0.6 11.1+48 254+ 6.4
HELC 78 28.8 +8.2 125 +5.1 63.3 +84 1733 £ 6.3 21.0+1.9 29.1 +£1.0 13.3+53 25.8 + 6.8
EB 114  264+67 16.3 £5.3 66.5+ 7.5 1763 +7.3 213+ 1.5 26.6 + 0.6 8.6 +5.1 249 + 6.3
HEB 144 27.0 £ 6.2 13.0 +4.7 66.8 + 8.8 176.1 £ 7.6 215422 294 +1.0 122 +54 253 +5.8
AEC 200 269 + 6.9 15.5 +£ 5.1 66.1 + 8.2 1759 +7.9 213 +1.9 26.6 + 0.6 9.7 +£5.1 25+ 6
AHEC 222 277 +7.0 12.8 +49 65.6 + 8.8 1751 +7.3 21.3+2.1 29.3+1.0 126 £+ 54 254 + 6.2
ALC 164 281+77 135 +£5.0 64.5 + 8.8 1744+ 7.6 21.2+21 278+ 1.4 121 +£5.2 25.6 + 6.6
AB 258 268 + 6.4 145 +53 66.7 + 8.2 176.2 +7.5 214+19 281+ 1.6 10.6 £ 5.5 25.1 + 6.0
ELC—elite lead climbers; HELC—higher elite lead climbers; EB—elite boulderers; HEB—higher elite boulderers;
AEC—all elite climbers; AHEC—all higher elite climbers; ALC—all lead climbers; AB—all boulderers.
Table 2. Comparison between sport climbers’ groups.
Age of . Time to Achieve Age When
Subdiscipline Sport Level Starting BOdf l)v[ass Body(I-gelght B(N{I the Hardest Climbing the
Climbing (p) v it v Route (p) Hardest Route (p)
LC E 0.016 * 0.013* 0.008 * 0.334 0.008 * 0.735
HE x2=5911 X2 =6.127 x> =7.111 x% =0.934 x% =7.051 x%=0.115
B E 0.001 * 0.929 0.722 0.821 0.001 * 0.495
T g ¥=27m x? = 0.008 X2 =0.126 x? =0.051 x? = 33.550 X2 = 0.466
LC E 0.001 * 0.797 0.877 0.581 0.001 * 0.648
B x? =23.074 x? = 0.453 X2 =0.262 X2 =1.082 x? = 35.503 X2 =0.869
LC HE 0.081 0.008 * 0.019 * 0.170 0.002 * 0.532
B x% =5.026 x% =7.065 x% =5.512 x% = 3.547 x% =9.597 x% =0.532
LC All 0.024 * 0.008 * 0.019 * 0.054 0.002 * 0.532
B x% =5.130 x% = 7.065 x% =5.512 x% =3.709 x% =9.597 x% =0.532

LC—Ilead climbers; B—boulderers; E—elite climbers; HE—higher elite climbers; *—statistically significant
difference.

The comparison of the “Higher Elite” climbers between lead climbers and boulderers
showed that the lead climbers had lower body mass (63.3 &= 8.4 kg vs. 66.8 & 8.8 kg;
p = 0.008), lower body height (173.3 £ 6.3 cm vs. 176.1 £ 7.6 cm; p = 0.019), and a
longer time to achieve the hardest route (13.3 & 5.3 years vs. 12.2 + 5.4 years; p = 0.002)
in comparison with boulderers (Tables 1 and 2). The remaining parameters were not
significantly different (p > 0.05).

The comparison of the collective groups “All Lead Climbers” and “All Boulderers”
showed that the lead climbers started climbing at a younger age (13.5 & 5.0 years vs.
14.5 +5.3; p = 0.024), had a lower mass (64.5 &= 8.8 kg vs. 66.7 & 8.2; p = 0.008), lower height
(1744 £ 7.6 cm vs. 176.2 = 7.5 cm; p = 0.019), and a longer time to achieve the hardest
route (12.1 &£ 5.2 years vs. 10.6 &= 5.5 years; p = 0.002) in comparison with the boulderers
(Tables 1 and 2). BMIs and age at the time of climbing the most difficult route were not
significantly different within all groups (p > 0.05) (Table 2).
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3.2. Elite vs. Higher Elite Sport Climbers

When comparing the “Higher Elite” and “Elite” groups in lead climbing, the “Higher
Elite” group started climbing at a younger age (12.5 £ 5.1 years vs. 14.3 £ 4.7 years;
p = 0.016), had lower mass (63.3 + 8.4 kg vs. 65.7 £ 9.1 kg; p = 0.013), lower height
(173.3 £ 6.3 cm vs. 175.5 &£ 8.6 cm; p = 0.008), and a longer climbing time to achieve the
hardest route (13.3 £ 5.3 years vs. 11.1 £ 4.8 years; p = 0.008) (Tables 1 and 2).

When comparing the “Higher Elite” and “Elite” groups in bouldering, the “Higher
Elite” group started climbing at a younger age (13.0 &£ 4.7 years vs. 16.3 = 5.3 years;
p = 0.001) and had a longer climbing time to achieve the hardest route (12.2 & 5.4 years vs.
8.6 £ 5.1 years; p = 0.001) (Tables 1 and 2). BMI and age at the time of climbing the most
difficult route were not significantly different within all groups (p > 0.05) (Table 2).

4. Discussion

Due to the great interest in sports climbing, an increasing number of investigations
are trying to prove which physiological and psychological parameters or training factors
influence success in sports climbing subdisciplines. Training-modified parameters seem to
be most important in shaping the climber’s physical form [15]. However, anthropometric
data can also influence sports climbing performance [10]. Therefore, the presented study
aimed to analyze the relationship between age, climbing experience, anthropometric data,
and the best result in sport climbing achieved by male sport climbers in bouldering and
lead climbing.

In the presented study, a higher level of climbing performance was associated with
starting training at an earlier age in lead climbing and bouldering. According to Myer
et al. [16], initiating integrative neuromuscular training early in youth may help increase
training abilities in the future and set the stage for even more significant gains in physical
fitness during their post-pubertal years. However, the current literature lacks reports on the
optimal age to initiate sport climbing training. Despite earlier reports suggesting that the
level of sport climbing is mainly made up of variables that can be learned [15], the presented
study showed that the lead climbers at the “Higher Elite” level had a lower body mass
and lower height than the “Elite” lead climbers. Therefore, height and body mass may be
important factors concerning the sport level among lead climbers. The possible mechanism
of the influence of body mass on the climbing level in lead climbing may be associated
with a longer period of effort during sports climbing. Since gravity is an important factor
in climbing activity, lower body mass puts less gravitational force on the climber’s body
and enables them to exert prolonged efforts on the climbing wall. Thus, lower body mass
during a longer time on the climbing wall can affect the slower fatigue of the athlete
and result in better sports performance. Moreover, shorter climbers can be at a bit of an
advantage in dynamic moves because they are forced to adapt to this issue earlier in their
climbing progression. On the other hand, lower body mass may be less important than
strength capabilities in the bouldering subdiscipline. Boulderers are often associated with
greater muscle mass and, thus, with greater overall body mass. Moreover, boulderers are
characterized by higher explosive strength than lead climbers, which also involves muscle
and body mass [6-8]. Hence, lower body mass seems to be a more important factor in the
lead climbing subdiscipline than in the bouldering subdiscipline, which is also confirmed
by the results of this study. Moreover, lower body mass can relate to a lower body fat
percentage, which has also been demonstrated in several research studies [13]. Body fat
reduction may contribute to muscular and cardio-respiratory endurance as well as to the
development of speed and agility, which can be essential for climbing performance [17].

The participants’ BMI and age in none of the analyzed combinations reached statistical
significance. The age at which the most difficult route was climbed was similar in all groups
and was about 25 years. Thus, the age of peak performance in sports climbing is similar to
that in other sports disciplines. The studies conducted by Ganse et al. note that the peak
performance age is between 25 and 27 years in athletic disciplines [18]. Similar conclusions
were reached by Haugen et al. on world-class track-and-field athletes [19]. However, the
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age of elite competition climbers is lower since they enter world-level competitions at
the age of 16. It can be because young elite sport climbers tend to climb in natural rock
formations less nowadays and leave that type of climbing for a later age, after a competitive
career. In addition, frequent training camps and a large number of climbing competitions,
both national and international, do not allow for frequent rock climbing.

Moreover, the average BMI of sport climbers in the presented study was 21.00. This is
consistent with the literature review carried out by Saul et al., in which the average BMI
was 21.66 (n = 1610). Although Saul et al. indicate that low fat and large forearm volume
were important features in successful sports climbing, there was no association between
BMI and sports climbing achievements during lead climbing and bouldering [10]. On the
other hand, a lower BMI may be a prophylactic factor for climbing injuries. According to
Lion et al., a BMI above 21 will predispose to injuries of the flexor tendon pulleys in the
fingers [20].

The presented results confirm the assumptions of the studies by Laffaye et al., postulat-
ing that success in sport climbing is influenced by both training factors and anthropometric
variables [21]. However, the authors emphasize that the training component explained 46%
of the total variance, while anthropometric variables explained only 4%. Moreover, the
previously indicated studies do not answer the question of which anthropometric features
differentiate sport climbers at different levels of advancement. Thus, it suggests the need
for long-term observation of sports climbers from an early age to their senior career.

The lead climbers had a longer time to achieve the most challenging route than the
boulderers in both “Elite” and “Higher Elite” groups. This may be because lead climbing
is a less force-dependent subdiscipline than bouldering. Moreover, the effort in lead
climbing is based more on the endurance parameters of the sport climber. Peak endurance
performance is maintained until 35 years of age, followed by modest decreases until
50-60 years of age [22]. On the other hand, skeletal muscle power starts declining after the
age of 30, which can affect bouldering performance in older athletes [23].

The presented research has several practical applications. Our results provide an
innovative insight into the performance analysis of world-class sport-climbing athletes.
Previously, no study had analyzed anthropometric and body composition parameters
on such a large group of the best sports climbers in the world. It may be helpful for
athletes, coaches, and sports clubs to set realistic goals and evaluate their success strategies
in sports climbing subdisciplines, especially within lead climbing and bouldering. The
comparison between the lead climbers and boulderers showed that the lead climbers
started to climb at a younger age and had a longer time to achieve the most challenging
route than the boulderers. This may indicate the need for the early specialization of sport
climbers in the lead climbing subdiscipline. The observations also provide a starting point
for future research to explore the mechanisms underlying maximum climbing performance
development, considering anthropometric parameters in sport climbers. Hence, future
research observing the development of young sport climbers in terms of specialization in
particular subdisciplines should be conducted, considering anthropometric, physiological,
and psychological data.

The presented study has several limitations. Firstly, the results obtained are based on
data from the www.8a.nu rank website, which consists of self-reported data. The research
parameters are limited to the athletes” age, body mass, body height, and sports experience
due to the lack of other parameters in the 8a.nu database. More parameters, such as soma-
totype, total skeletal muscle mass, subcutaneous fat mass, bone mass, cardiopulmonary
capacity, and limb size, should also be included in future research. Moreover, the age of
starting to climb and the age when climbing the hardest route parameters are difficult to
correlate with the actual sports duration of the climbers over the years. Therefore, other
methods should be adopted in future studies to measure the actual sports activity duration
of athletes. Secondly, the study sample consists only of male athletes. Thus, future research
should include the female population. Thirdly, generalizing the findings is limited by a
need for more information about performance at sport climbing competitions among the
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included sport climbers. Therefore, future research should consider rock climbing ascents
and competition performance.

5. Conclusions

The lead climbers had a lower body mass, a lower body height, and la onger time to
achieve the most challenging route than the boulderers. Body height and body mass are
essential to the sports level of “Elite” and “Higher Elite” lead climbers. Therefore, our study
suggests that lower body mass and height are more crucial for lead climbing performance
than for bouldering. A younger starting age and more extended sporting experience are
the critical points in the “Higher Elite” level in both subdisciplines.
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Abstract: The aim of the study was to examine the association between cardiorespiratory and
metabolic parameters and match running performance (MRP) in highly trained football players. The
sample of participants consisted of 41 national-level football players (aged 23.20 4 3.40 years, body
height 182.00 =+ 5.15 cm, and body mass 76.86 + 6.06 kg) from the Serbian Super league. For the
purposes of this research, the following measurements were applied. A maximal multistage progres-
sive treadmill test, with a direct measurement of maximal oxygen consumption (VO,;max) (using
Fitmate MED, Cosmed, Rome, Italy) was conducted, alongside continuous heart rate monitoring.
Capillary blood samples were taken from the hyperemic area using specific test strips, and, after
sample collection, lactate concentration was immediately determined using a lactate analyzer. MRP
variables were analyzed according to the BioIRC model of motion structure analysis, based on exist-
ing standards for profiling movement intensity. The results of multiple regression analysis indicated
an association between cardiac parameters and total distance (R2 = 54.3%, p = 0.000), high-speed
running (R2 = 46.4%, p = 0.000), and jogging (R2 = 33.6%, p = 0.004). Regression analysis revealed
an association between cardiorespiratory parameters and total distance (R2 = 24.8%, p = 0.014), and
high-speed running (R2 = 20%, p = 0.039). Meanwhile, no association was found between lactate
concentration and running performance. The explanation for these regression analysis results is based
on the observation that functional abilities represent significant potential for expressing movement
performance, a crucial condition for success in football.

Keywords: physical performance; cardiovascular endurance; lactate concentration; maximal heart
rate; professional soccer players; running performance analysis; VO;max

1. Introduction

In recent years, the demands of modern football have changed, increasing significantly,
and this trend certainly continues day after day [1]. Football, as a characteristic intermittent
sport, requires players to execute multiple activities that require agility, strength, speed,
balance, stability, flexibility, and endurance, implying that the physical conditioning of
players is an extremely complex procedure [2]. In terms of training application, modern
football and growing demands impose the need for the highest quality professional and
scientific approach [3]. In competitive conditions of top-level football play, it is necessary
to have high levels of functional abilities to adequately respond to the physical and tech-
nical/tactical demands of the game, including the ability to perform a large number of
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high-intensity movements, delay the onset of fatigue, and mitigate its impact on efficiency
in the game [4,5].

Measurements in football show that both the aerobic and anaerobic pathways of
metabolism make significant contributions to match performance [6]. During a football
game, the aerobic energy system provides approximately 90% of the energy. In this regard,
elite football players must have high aerobic endurance fitness to play for 90 min and
recover between high-intensity sprints [7]. One of the best measures of cardiorespiratory
fitness and endurance capacity performance is the maximal aerobic power, denoted by
VO,max [8]. Generally speaking, maximal oxygen consumption (VO,max) represents the
maximum work rate at which the body can absorb and use oxygen when engaging in
maximal exercise. Given the demands of team sports, such as the ability to change direction
during high-intensity running, the primary focus for players should be on endurance and
metabolic conditioning [9].

Working muscle oxygen deficiency is thought to be a controlling factor in the metabolic
alterations that lead to the depletion of muscle glycogen stores and the suppression of
glycolytic enzyme activity. This is thought to be one of the main causes of the decline in
efficiency and, consequently, the emergence of indicators of muscular tiredness [10]. The
VO,max of elite soccer players is typically between 50 and 75 mL/kg/min, but different
values higher than 70 mL/kg/min have been identified [11].

During competitive matches, professional players typically operate at approximately
80-90% of their maximum heart rate, which corresponds to approximately 75-80% of the
VO;max [12]. Increasing VO,max is believed to enhance players’ tactical and technical per-
formance by 7%. Additionally, this implies more efficient ball contacts and a greater number
of longer sprints during a game, which increases the likelihood of scoring a goal [13]. It
has been confirmed that leading football teams in the league have higher VO,max values
compared to weaker teams [14]. Therefore, the efficiency of the cardiorespiratory system
is considered one of the most crucial components of the physical readiness of football
players [5].

The match running performance (MRP) of football players has been the focus of
researchers in recent years [15,16]. It has been established that, in professional football,
players can cover total distances ranging from 9 to 14 km during matches, of which 5-15%
are covered by high-intensity running [17]. Two important energy components determine
energy expenditure in the game: the way players move and the way they control the ball.
The energy expenditure of forward running is lower than that of backward and lateral
running [18,19]. A football match’s progression is typically associated with a gradual
decline in the speed of runs, a fall in the number of sprints, and a shortening of the distance
covered at maximum speed, especially in the later part of the game [20]. The culprit of this
decrease in speed and in the frequency of sprints has been identified as a sharp decrease
in glycogen in the working muscles of the players as the match moves forward. This
viewpoint is supported by an increase in the blood lactate of players in the latter stages
of matches [21]. More rapid elimination of lactate from the blood as the game progresses
is a significant concern because it determines, at least in part, how quickly an athlete will
become fatigued [22]. Working muscle oxygen deficiency is thought to be a regulatory
factor in the metabolic changes that cause the depletion of muscle glycogen resources and
the inhibition of glycolytic enzyme activity. A greater lactate threshold indicates that a
player can maintain greater average intensity in a task without lactate accumulation [21].

Anaerobic threshold (AT) and VO;max measurements are frequently used to assess
aerobic fitness. It is important to note that players with higher values of VO,max during
high-intensity activities achieve lower blood lactate concentrations compared to players
with lower VO,max values [23]. The majority of the published studies on the relationship
between lactate threshold and endurance have shown a strong correlation, indicating that
training-induced improvements in cardiorespiratory endurance are significantly associated
with improvements in lactate threshold [24,25]. While outdoor tests can be used to indirectly
evaluate both VO,max and AT, laboratory treadmill testing provides the most reliable
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measurement [26]. A previous study [26] has analyzed the correlation of cardiorespiratory
fitness and team performance, player position, and physical characteristics. The mentioned
study shows that cardiorespiratory fitness does not differentiate between age, weight,
height, team performance, and player position, but VO,max varies with age, weight,
height, and BMI [26]. The study also found a strong correlation between the physical
requirements of player positions throughout a match and the aerobic capacity of players
playing those positions, which should be considered in soccer training [13]. In addition,
Doncaster et al. [27] reported that measures of ventilatory equivalent, a determinant of
running economy, at all sub-maximal exercise intensities were inversely related to the
volume and percentage of very-high-intensity activities.

Today;, it is known that coaches and sports scientists can tailor training plans based
on well-defined physiological parameters such as VO,max, maximum heart rate, and
blood lactate concentration [28]. Although recent studies have revealed an association
between cardiorespiratory parameters and running performances, such as high-intensity
running [29,30] and total distance covered [31], it should be emphasized that conflicting
results have been obtained in the study by Metaxas et al. [32], where no association between
VO,max and MRP was found. Therefore, these findings need to be verified. Regarding the
association between lactate and MRD, only one study has shown an association between
lactate levels and the total distance covered [33]. However, it is important to note that this
study focused on young footballers. Additionally, a commonality among all mentioned
studies is the limited number of observed parameters. Furthermore, there is a lack of
studies that comprehensively assess the physiological parameters of players in a single
sample. Therefore, there is a need for a study that will more thoroughly investigate this
area. To the authors” knowledge, this is the first study to report the effect of a wide set of
variables, cardiorespiratory and metabolic parameters, on match running performance.
More importantly, this study is the only one with a national-level sample of football players
in the territory of Serbia. Hence, the purpose of this study was to determine the association
between cardiorespiratory and metabolic parameters and running performance in highly
trained football players. In this regard, hypotheses have been formulated indicating that
(i) there is an association between cardiovascular and running performance; (ii) there is an
association between cardiorespiratory parameters and running performance; and (iii) there
is an association between metabolic parameters and running performance. This study
will contribute to understanding the relationship between cardiorespiratory and metabolic
parameters and running performance among highly trained football players in Serbia, and
will determine which cardiovascular and metabolic parameters are associated with specific
running speeds.

2. Materials and Methods
2.1. Participants

The sample of participants in this cross-sectional study consisted of 41 elite football
players (aged 23.20 £ 3.40 years, with a body height of 182.00 £ 5.15 cm, and a body
mass of 76.86 + 6.06 kg; Table 1). All players were members of the Serbian Super League,
which is the top-tier national football competition. That is, according to categorization,
they are highly trained /national level athletes [34]. The criteria for inclusion in the study
were players aged > 18 to <35 years, with a training age of >6 years, without a recent
injury (>12 months) or any illness at that moment. Randomly, 4 teams out of 16 were
selected from the league. Then, every other player was chosen through randomization. In
the end, we selected 44 players to participate. Out of those, we gathered all the data for
41 players. All participants voluntarily participated and were informed about the purpose,
benefits, and risks of the study, and they all provided written consent to participate in the
study. Additionally, all data have been anonymized to ensure the confidentiality of the
players and teams. Therefore, all procedures conducted in the study involving human
participants were in accordance with the Helsinki Declaration and were approved by the
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Ethics Committee of the Faculty of Medical Sciences, University of Kragujevac (decision
number: 01-15731; date 29 December 2021).

Table 1. Sample description.

Mean SD Min Max
Age 23.20 3.40 18.00 32.00
Body height (cm) 182.00 5.15 172.00 192.00
Body mass (kg) 76.86 6.06 63.00 88.00

2.2. Procedures

The testing of football players was conducted in March 2022. Laboratory tests were
performed in a room where the temperature was 20-23 °C and the air humidity was
55-60% so that the microclimatic conditions corresponded to the recommended ones. All
measurements were performed in the morning, at approximately the same time (11 a.m..).
On the day of testing, participants did not train in the morning as they needed to be rested,
and, afterwards, they resumed their daily obligations. A multistage progressive treadmill
test was conducted. After warming up, they performed 3 min of running on a treadmill
at a speed of 5 km/h; the speed and incline were determined to increase at precise time
intervals. The criteria for stopping the test were the fulfillment of 2 out of 4 conditions:
VO,;max plateau reached (2 mL/kg/min); HR max reached; respiratory exchange coefficient
(RER) > 1.2; the appearance of subjective complaints. The performance data of players’
running performance were collected using performance analysis software during official
football matches. It should be emphasized that during the research, the participants did not
have a break in training but rather continued with their daily routines.

2.3. Anthropometric Characteristics

Anthropometric assessments were conducted following the guidelines of the Interna-
tional Biological Program [35]. A Tefal 6010 scale (Rumilly, Haute-Savoie, France) was used
to measure body mass, and the result was read from the scale’s display with an accuracy of
0.1 kg. Body height was measured using an anthropometer (GPM, Zurich, Switzerland),
and the measurement result was read with an accuracy of 0.1 cm.

2.4. Cardiorespiratory Parameters

For the purposes of this research, a maximum multistage progressive treadmill test
was applied (Technogym Run Exciting 9000, Fairfield, NJ, USA). After positioning the
subjects, a mask (Hans Rudolph, Kansas City, MO, USA) was secured with elastic straps
to prevent air leakage, and the VO,max value was directly measured (Cosmed’s FitMate
Med, Rome, Italy). After securing the mask, a heart rate monitor (Polar Pro Team System,
Kempele, Finland) was placed with the strap positioned around the chest, just below
the nipples, and fastened. The heart rate monitor was placed directly on bare skin to
enable successful measurement with constant heart rate monitoring. Cardiovascular and
respiratory parameter values were automatically recorded every 15 s. The subject walked
and ran during the test at different intensities and on varying inclines. A standardized
stepwise continuous test protocol was employed [36,37].

2.5. Lactate Concentration

To define lactate thresholds, capillary blood lactate levels (measured in mmol/L) were
used at the end of each phase of the step-continuing test. Capillary blood samples were
obtained from a hyperemic lobe using special test strips. After acquiring a sample, the
lactate concentration was determined immediately using a lactate analyzer (Lactate Scout,
EKF SensLab, Leipzig, Germany). The sensitivity and accuracy of lactate concentration
measurement using the Lactate Scout analyzer (EKF SensLab, Leipzig, Germany) were
scientifically validated [38]. Based on the obtained results, the metabolic efficiency index
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was calculated, which represents the ratio of blood lactate concentration at the 4th and 10th
minutes of recovery.

2.6. Match Running Performance (MRP)

For recording matches using the BiolRC Tracking Motion system (BioIRC, Kragujevac,
Serbia), two identical Sony NEX-VG10 video cameras (Sony, Tokyo, Japan) were used, both
in full-HD resolution, along with one high-speed control camera. The algorithmic part
of the video-processing software for tracking the running performance (RP) of players
was based on determining the similarity measure of the statistical color distribution of
objects [39]. The software for analysis tracked player RP across the entire field, alternately
analyzing video footage of each half of the field, depending on the current player’s activities.
The analysis speed on the computer (with Intel(R) Core2Duo E6750@2.66 GHz, 2 GB RAM,
Win7 32-bit; Intel, Santa Clara, CA, USA) was approximately 4 frames per second. Match
videos were processed in multiple stages. For video file analysis purposes, the videos
were compressed using the XVID codec in MOV format, with a frame rate of 30 frames
per second.

2.7. Cardiovascular and Metabolic Variables

The independent variables in this study can be categorized into three groups: cardiac
parameters, parameters related to cardiovascular system efficiency, and lactate-related
parameters. A total of eight cardiovascular variables were divided into two groups of
four each. The first group included heart parameters such as maximum heart rate (HRmax),
heart rate at the anaerobic threshold (HR AT), heart rate at the first minute of recovery (HR
1"), and heart rate at the second minute of recovery (HR 2). The second group consisted
of parameters associated with cardiovascular system efficiency, including maximum oxy-
gen uptake (VO,max), running efficiency (VO,max/v), and cardiorespiratory efficiency
(VO,max/HR). Lactate metabolism variables comprised lactate at 4 min (LA 4'), lactate
at 10 min (LA 10), metabolic recovery index (Index LA), and metabolic efficiency index
(Index ME); Table 2.

Table 2. Cardiovascular and metabolic variables.

No. Variable Abbreviation
1. Maximum heart rate HRmax
2. Heart rate at the anaerobic threshold HR AT
3. Heart rate at the first minute of recovery HR 1/
4. Heart rate at the second minute of recovery HR 2/
5. Maximum oxygen uptake VO,max
6. Running efficiency VO,max/v
7. Cardiorespiratory efficiency VO;max/HR
8. Lactate at 4 min LA 4/
9. Lactate at 10 min LA 10
10. Metabolic recovery index Index LA
11. Metabolic efficiency index Index ME

2.8. MRP Variables

The determination of MRP variables was conducted according to the BiolRC motion
structure analysis model, based on existing standards for profiling movement intensities with
respect to basic physical (movement speed) and physiological (physiological and biochemical
changes at given speeds) parameters. Based on this model, five categories of movement
intensity for players during the match were defined, and a sixth variable representing total
player movement was calculated based on the measured variables [40—42].

The dependent variables were MRP variables including sums of movement (in me-
ters) within specific speed ranges: walking (<8 km/h), jogging (8-15 km/h), running
(15.1-19 km/h), high-speed running (19.1-23 km/h), sprinting (>23 km/h), and the total
distance (total; Table 3).
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Table 3. MRP variables.

No. Variable Abbreviation
1. Walking (from 0 to 8 km/h) <8 km/h
2. Jogging (from 8 to 15 km/h) 8-15km/h
3. Running (from 15.1 to 19 km/h) 15.1-19 km/h

High-speed running (from 19.1 to 23

4. km,/h) 19.1-23 km/h
5. Sprinting (over 23 km/h) >23 km/h
6. Total distance Total

2.9. Statistics

For all data obtained through testing, basic central and distributional parameters
were calculated, including the mean, standard deviation, minimum, maximum, and range.
To assess the normality of the distribution of results, skewness and kurtosis were used.
Pearson’s correlation analysis was employed to explore the univariate association between
physiological parameters and MRP. The classification of correlation coefficients followed
the suggested guidelines: an r value of <0.35 denoted a low or weak correlation, an r value
ranging from 0.36 to 0.67 indicated a modest or moderate correlation, an r value from 0.68 to
1.0 represented a strong or high correlation, and an r value greater than 0.90 signified a very
high correlation [43]. The residual statistics diagram was used to assess the independence
of residuals. Multivariate relationships among the predictors and criteria were evaluated
using multiple regression analysis. Based on the formula n = 20 + 5k (where k represents
the number of predictors), which was proposed by the authors [44] as optimal, considering
the principle based on the rate of change in reliability criteria relative to the number of
participants, this study calculated that it is optimal to use 4 predictor variables. The
coefficients R, R?, and p were calculated for linear multiple regression. Evaluation of
the model was assessed through R2, which indicates the proportion of variance in the
dependent variable explained by the model. Meanwhile, the statistical significance of the
model was evaluated in the ANOVA test section. The assessment of each independent
variable in the model was calculated based on standardized coefficients (Beta) to determine
the contribution of each variable to the final equation [45]. Statistical significance was set
at p < 0.05. Data analysis was performed using IBM SPSS Statistics software, version 26
(Statistical Package for Social Sciences, v26.0, SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Descriptive Cardio-Respiratory, Metabolic, and Running Performance Parameters

The results in Table 4 for 41 national-level football players showed that the values of
skewness within the normal distribution range from —1 to 1, with kurtosis ranging from
—2.75 to 2.75 for all variables, except for the variable Index La.

Table 2 presents descriptive parameters for the top football players, and it was no-
ticeable that the average value of HRmax was 192.90 & 7.95 bpm, with a significant range,
where the minimum value of Hrmax was 174.00, and the maximum was 207.00 bpm.
The average value of VO,max was 61.15 £ 3.89 mL/kg/min, with a noticeable range
between the minimum and maximum values (ranging from 53.40 to 69.20 mL/kg/min).
Lactate value at 4 min of rest averaged 9.42 4= 1.73 mmol/L. Concerning the total dis-
tances covered by the players, they averaged 10,799.79 4 1143.70 m, with the smallest
recorded total distance during the game being 8429.52 m, and the largest reached being
12,602.25 m. The participants covered an average distance of 4522.56 m by walking, as
well as 4193.87 m while jogging. When they ran (15.1-19 km/h), they covered a distance
of 983.55 m. Then, at higher speeds (high-speed running and sprinting), they covered
611.45 m and 488.38 m, respectively.
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Table 4. Cardio-respiratory, metabolic, and match running performance parameters of national-level

football players.
Mean SD Min Max Range Skew Kurt
HRmax (bpm) 192.90 7.95 174.00 207.00 33.00 —0.30 —0.68
HR AT (bpm) 167.20 8.02 152.00 180.00 28.00 —0.07 —0.92
HR 1’ (bpm) 170.05 12.67 140.00 193.00 53.00 —0.48 —0.06
HR 2’ (bpm) 129.44 17.52 103.00 174.00 71.00 0.70 —0.01
VO,max (ml/kg/min) 61.15 3.89 53.40 69.20 15.80 0.16 —-0.27
VO,max/v
(L kg min! /km/h) 2.93 0.21 2.59 3.38 0.79 0.48 ~0.32
VO,max/HR 0.32 0.02 0.27 0.36 0.09 0.15 —0.60
La 4’ (mmol/L) 9.42 1.73 6.50 14.10 7.60 0.36 —0.25
La 10’ (mmol/L) 6.94 1.37 3.80 11.70 7.90 0.67 2.74
Index LA 39.01 31.77 —2.35 165.79 168.14 1.79 5.01
Index ME 2.29 0.45 1.56 3.33 1.77 0.52 —0.43
<8 km/h (m) 4522.56 450.43 3301.36 5243.99 1942.63 —0.58 0.34
8.1-15 km/h (m) 4193.87 831.19 2580.46 5850.53 3270.07 0.08 —-0.57
15.1-19 km/h (m) 983.55 247.63 502.00 1393.53 891.53 —-0.22 -1.27
19.1-23 km/h (m) 611.45 154.36 319.33 885.60 566.27 0.22 —-0.75
>23 km/h (m) 488.38 144.99 261.26 893.85 632.59 0.76 0.36
Total (m) 10,799.79 1143.70 8429.52 12,602.25 4172.73 —0.11 -0.71
Legend: Mean—arithmetic mean; SD—standard deviation; Min—minimal value; Max—maximal value; Skew—skewness,
measure of asymmetry; Kurt—kurtosis, measure of flattening.
3.2. Correlation Analysis
Based on Table 5, it is noticeable that cardiorespiratory parameters moderately correlate
with speeds of movement at 8.1-15 km/h, 19.1-23 km/h, and total distance (—0.28-—0.045).
Additionally, heart rate correlates with total distance (0.29-0.50) and heart rate at 2 min with
speeds of movement of 8.1-15 km/h and 19.1-23 km/h, and the total distance. On the other
hand, lactate does not significantly correlate with maximal running speeds in general.
Table 5. Pearson’s correlation coefficients between MRP and predictor variables.
<8 km/h 8.1-15 km/h 15.1-19 km/h 19.1-23 km/h >23 km/h Total
HR max 0.27 % 0.18 0.10 0.26 0.01 0.30 *
HR AT 0.09 -0.21 —0.20 —0.16 —-0.14 —-020
HR 1/ 0.25 0.18 0.07 0.23 0.11 0.29 *
HR 2/ —0.16 —0.42 ** —0.22 —0.50 ** —0.10 —0.50 **
VO,max 0.00 -0.21 -0.17 —-0.28 * —0.04 -0.23
VO,max/v —-0.22 —-0.35* —0.13 —0.39 ** —0.18 —0.45 **
VO,max/HR —0.16 —0.28 * —0.20 —0.39 ** —0.05 —0.37 **
LA 4 0.08 0.21 0.07 0.07 —0.06 0.07
LA 10/ 0.16 0.17 0.10 0.10 —0.06 0.20
Index LA —0.10 0.01 —0.01 —0.01 0.11 —0.09
Index ME 0.01 -0.21 —0.03 —0.03 0.13 0.05

Note **p < 0.01, * p < 0.05.

3.3. Residual Statistics

A scatter plot matrix was used to assess the independence of residuals. The scatter
plots depict the dispersion of points with respect to the dependent variable across various
movement speeds, and that is for HR parameters (Figure 1,), VO,max parameters (Figure 2),
and lactate parameters (Figure 3).
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Figure 1. Scatter plot of standardized residuals; HR parameters for dependent MRP variables.
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Figure 3. Scatter plot of standardized residuals; lactate parameters for dependent MRP variables.
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3.4. Multiple Regression Analysis

The multiple regression results indicate that a model with four independent cardiovas-
cular parameter variables explains a total of 54.3% of the variance in the dependent variable
“total distance” (Table 6) at a significant level (p = 0.000). Based on the beta coefficients,
the variables that contribute the most to the model are HRmax (0.573), HR 2’ (—0.528),
and HR AT (—0.360). When considering different player movement speeds, it should
be noted that cardiovascular parameters explain a total of 46.4% of the variance in the
dependent variable “high-speed running” at a significant level (p = 0.000). Based on the
beta coefficients, the variables that contribute the most to the model are HR 2’ (—0.551)
and HRmax (0.526). Additionally, cardiovascular parameters explain a total of 33.6% of
the variance in the dependent variable “jogging” at a significant level (p = 0.004), and the
variable that contributes the most to the model is HR 2’ (—0.420). There were no significant
models for the remaining dependent variables (walking, running, and sprinting).

Table 6. The result of multiple regression for cardiorespiratory and metabolic parameter effects on
the match running performance parameters.

<8 km/h 8.1-15 km/h 15.1-19 km/h 19.1-23 km/h >23 km/h Total

HR max 0.258 0.429 0.478 0.526 * —0.114 0.573 *
HR AT 0.011 —0.311 —0.383 —0.250 —0.168 —0.360 *

HR 1/ 0.111 0.087 -0.112 0.059 0.298 0.128
HR 2/ —274 —0.420 * —0.146 —0.551 % —0.064 —0.528 *

R 0.379 0.580 0.390 0.681 0.251 0.737

R? 0.144 0.336 0.152 0.464 0.063 0.543

P 0.219 0.004 0.191 0.000 0.661 0.000

VO,max 0.472 0.162 0.005 0.197 0.085 0.342
VO,max/v —0.272 —0.313 —0.005 —0.262 —0.248 —0.403 *
VO,max/HR —0.374 -0.217 —0.204 —-0.391 0.034 —0.398

R 0.344 0.371 0.203 0.447 0.196 0.498

R? 0.118 0.138 0.041 0.200 0.038 0.248

p 0.194 0.135 0.664 0.039 0.690 0.014

LA 4 —0.500 0.793 0.367 —0.050 —0.869 0.342

LA 10/ 1.216 —0.149 —-0.178 0.361 1.210 0.534

Index LA 1.072 —0.329 —-0.279 0.278 1.300 0.325

Index ME 0.684 0.545 —0.055 0.186 0.360 0.725

R 0.468 0.272 0.240 0.156 0.415 0.368

R? 0.219 0.074 0.058 0.024 0.173 0.135

p 0.058 0.583 0.699 0.922 0.136 0.250

Legend: R—multiple correlation; R?—coefficient of determination; p—statistical significance; * denotes statistical
significance of p < 0.05.

Regression analysis also revealed that a model with four independent derived car-
diorespiratory parameters explains a total of 24.8% of the variance in the dependent variable
“total distance” at a significant level (p = 0.014). Based on the beta coefficients, the variable
that contributes the most to the model is VO,;max/v (—0.403). It was also found that the
derived cardiorespiratory parameters explain a total of 20% of the variance in the depen-
dent variable “high-speed running” at a significant level (p = 0.039). All other models were
non-significant.

Regarding lactate levels, the model was not significant for any of the dependent variables.

4. Discussion

The aim of this study was to examine the association between cardiorespiratory and
metabolic parameters and match running performance (MRP) in national-level football
players. Based on multiple regression analysis, the key findings were as follows: (i) cardiac
parameters HRmax, HR 2’/ and HR AT are associated with total running distance, with HR
2" and HRmax also being associated with high-speed running, while HR 2’ is associated
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with jogging; (ii) respiratory parameter VO,max/v is associated with total running distance;
and (iii) lactate parameters are not associated with movement performance.

Upon examining cardiac parameters, it was noted that the average HRmax values
among footballers in the top level of competition in Serbia were 192.90 & 7.95 bpm, which
is consistent with findings from other studies, such as 195 bpm in Greece [46], 193 bpm
in Greece [47], 192.9 bpm in Belgium [48], 191.3 bpm in Croatia [49], and an HRmax of
188 bpm in Greece [50]. The average values of heart rate at the anaerobic threshold (HR
AT) were 167.20 £ 8.02 bpm, which closely corresponds to the values of 169 bpm for
Greek footballers [46], but they are slightly lower than the values estimated for Belgium
(178.2 bpm) [48] and, especially, for Croatian footballers (182.96 bpm) [49]. However, these
differences may be due to different assessment methodologies.

Our resting heart rate (RHR) values, specifically HR 1" and HR 2/, are 170.05 and
129.44, respectively, with HR 1 representing 88% of HRmax, which aligns with the results
for Champions League footballers (91% of HRmax) [51] and Scottish players (90% of
HRmax) [52]. The other RHR parameter (HR 2') is 67% of HRmax; however, it is not
possible to compare this data with recent studies as there are no studies that have examined
this parameter.

The average values of VO,max are 61.15 £ 3.89 mL/kg/min, which are slightly lower
than the values achieved by footballers from Spain (65.5 mL/kg/min) [53] and approximately
align with professional soccer players from other countries such as Norway (63.7 mL/kg/min),
England (61.6 mL/kg/min), [54], the United Kingdom (59.4 mL/kg/min) [55], the Czech Re-
public (59.2 mL/kg/min) [56], and slightly higher values compared to footballers from Greece
(58.8 mL/kg/min) [47], Belgium (58.0 mL/kg/min) [48], Croatia (57.63 mL/kg/min) [49], and
Cyprus (57.35 mL/kg/min) [57]. It is noteworthy that these values are consistent with the ob-
servation that professional soccer players’ VO, max can vary from 55 to 65 mL/kg/min [58,59].
However, it should be noted that these values can vary based on playing position, the play-
ing style of individuals, and the team. Additionally, some authors [60,61] suggest that the
VO,max of elite players should be above 60 mL/kg/min to cope with the demands of modern
football, which corresponds to the values achieved by Serbian football players in this study.
Other cardiorespiratory parameters were not analyzed in other studies, making them difficult
to compare.

One significant finding of this research is that heart parameters, such as HRmax,
HR 2/, and HR AT, are associated with the total distance covered during a match. This
relationship between heart parameters and total distance has a high degree of correlation
(R2 = 54.3%), indicating that cardiac function is crucial for the endurance of football players.
Unlike HRmax and HR AT, where a positive correlation was achieved, HR 2/ showed a
negative correlation, meaning that a lower heart rate during recovery is associated with a
greater overall distance covered. This result may suggest that the speed of recovery after
intensive effort is important for the efficiency of football players during matches. In other
words, players with better results in these parameters possess a higher level of physical
preparedness, enabling them to efficiently execute a greater number of high-intensity
movements during the game and eliminate fatigue in shorter time intervals, preparing
them for subsequent exertions.

Furthermore, the research indicates that respiratory parameters, such as VO,;max/v,
influence the overall distance covered. This emphasizes the importance of optimal respira-
tory efficiency for achieving better sports results. Concerning high-intensity running, the
relationship between heart parameters and fast running has also been confirmed. HR 2/
and HRmax made the most significant contribution to the model, highlighting the role of
these two variables in achieving high speeds during matches.

Recent studies have revealed a connection between cardiorespiratory parameters and
MRP in football. Studies have shown that average VO,max values are moderately corre-
lated with the total distance covered [29] and high-intensity running in footballers [30,31].
However, conflicting results were found in a study by Metaxas et al. [32], who did not
find a connection between VO;max and MRP. In our study, although there was no direct
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link established between VO,max and MRP, a moderate connection was achieved between
the VO,max model and MRP, with the greatest contribution coming from the VO,max/v
parameter. This suggests that VO,max and HR should be further examined as they are
linearly interconnected [62].

These results highlight the importance of the development of the cardiovascular and
respiratory systems in professional footballers. The efficiency of the aerobic energy system,
which provides about 90% of the energy during a football match, is crucial for achieving
better cardiorespiratory endurance [7]. Adaptive changes, such as an increase in the
dimensions of the left ventricle and improved circulation, contribute to an increase in the
capacity of oxidative metabolism and overall cardiorespiratory endurance [63]. Therefore,
footballers with a more efficient aerobic system can maintain a higher intensity before the
onset of fatigue [64,65].

The aerobic and anaerobic system both significantly contribute to match perfor-
mance [6]. The aerobic energy system plays a crucial role in recovery between high-intensity
sprints [7]; however, key moments in football games occur during high-intensity activities
that need to be repeated many times [4,66]. Our findings have highlighted the association
between cardiorespiratory parameters and high-intensity running, as well as the total dis-
tance covered. It is clear that during high-intensity running, functional capacities must be
at a higher level to ensure an adequate oxygen supply. On the other hand, football players
exhibit developed capacities precisely in these areas, as they perform a large number of
intense actions during a match, indicating a high rate of anaerobic energy exchange during
a game. There is significant utilization of creatine phosphate, along with the accumulation
of lactate [67]. In this regard, for monitoring the physiological response, in addition to
heart rate frequencies and VO2, an essential parameter is the concentration of lactate in the
blood [68].

When it comes to assessing lactate levels during a football match, post-game lactate
levels were mostly evaluated, with lactate max values of 11.0 mmol/L in Belgium [40],
11.2 mmol/L [69], and 11.7 mmol/L [41]. These findings indicate that the rate of lactate
production in muscles is high during aa game. It is considered that a fairly high con-
centration of lactate during a football match [70,71] represents an accumulated /balanced
response to a series of high-intensity activities. These values approximately correspond to
the load that football players achieved during the multistage treadmill test. Blood lactate
concentration after four minutes (LA 4') was 9.42 + 1.73 mmol/L, while after 10 min of
recovery, lactate levels dropped to 6.94 £ 1.37 mmol/L. Additionally, Index LA and Index
ME were assessed, but these parameters are underutilized in recent research.

In our study, we did not find a connection between lactate parameters and movement
performance. However, the authors in [72] reported that modifying the testing protocol with
progressive stages and lactate analysis procedures can affect physiological parameters. So,
instead of laboratory testing, a suggestion for future research would be to measure lactate
concentration during effort in a football match and see if it is associated with movement
performance. Also, from a methodological standpoint, there are differences in lactate
concentration depending on the sampling site, and the most accurate approach would
be to take a blood sample from the working muscles [73]. Authors also emphasize that
the level of blood lactate concentration can be influenced by reduced glycogen reserves in
skeletal muscle cells, a diet with low carbohydrate intake, or previous exhausting physical
activities [74], as well as factors such as the type of muscle fibers, the activity of glycolytic
and lipolytic enzymes, and the density of capillaries and mitochondria [75]. Therefore, it
is clear that there are various reasons as to why lactates have not shown an association
with MRP.

When it comes to MRP, it should be noted that the achieved average total distance
(10,799.79 m) and distance covered at higher speeds by highly trained Serbian players are
somewhat higher than those of better-ranked Croatian football players [76,77]. These values
correspond to general elite footballer benchmarks, ranging between 9 and 13 km during
matches, with around 5-15% of that distance covered at high running speeds [41,78,79]. It
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is well known that distance covered at high intensities is traditionally recognized as a key
indicator of physical performance in football [15] because key match activities in football
may be influenced by higher running performance, especially at higher speeds [80,81].
Thus, in this study, a connection is demonstrated between total distance and high-intensity
running and cardiorespiratory endurance.

The explanation of these results is based on the observation that the cardiorespiratory
endurance of footballers is a crucial factor for success in football matches. From a phys-
iological perspective, better cardiorespiratory endurance in footballers is directly linked
to the development of the cardiovascular and respiratory systems’ ability to maintain
oxygen delivery to actively engaged muscles during prolonged physical activity, as well
as the muscles” ability to obtain the necessary energy through aerobic processes [82,83].
Accordingly, footballers who have shown better results in HR and VO2 parameters, as mea-
sures of cardiorespiratory system functioning, achieved greater distances in high-intensity
activities and in the overall distance covered. The physiological explanation implies that
footballers with greater cardiorespiratory system capacities are able to maintain lower heart
rate values at the same running speed, as indicators of system load. In other words, even at
the same running speed, the physiological load on the body varies. Our study has shown,
through parameters such as HR max and HR AT, that players who achieved higher values
of maximum heart rate, as well as lower values of heart rate at the anaerobic threshold,
covered a greater total distance and had greater distances in high-intensity activities (above
19 km/h). On the other hand, the HR 2’ parameter indicates that footballers with lower
heart rate parameters during recovery have cardiovascular system capacities to recover
faster from intensive activities, which is very important as football involves alternating
periods of work and rest.

It is recognized that high-intensity running is of great importance for performance in
elite football [84,85], as numerous studies have shown that this parameter is discriminative
between players at higher versus lower levels of competition [86,87]. High-intensity
periods during football matches impose high demands on footballers” bodies, leading
to the increased involvement of the anaerobic energy system, with the accumulation of
lactic acid and decreased pH values in exercising muscles [71]. The cumulative effects of
numerous high-intensity stimuli lead to higher concentrations of lactic acid in the blood
of footballers [88]. Therefore, good aerobic fitness of players is important, as it enables
better plasma flow through the system, requiring faster removal of harmful metabolic
by-products [89] and thus accelerating recovery between intermittent stimuli, while good
anaerobic capacity compensates for the high intensities required during play [73].

In our study;, a relationship between lactate and MRP was lacking, suggesting that the
methodology for assessing lactate and movement performance should be reconsidered.
Specifically, from a methodological standpoint, the site of blood sampling for lactate
concentration measurement and the laboratory methods used can also influence test results.
The authors in [90] suggest that the most accurate approach would be to take blood
samples from working muscles, which is not the case in our study. Regarding movement
performance, it is noted that other factors related to the complexity of football matches
can influence the achieved result. Primarily, these include the playing formation [4],
opponent [90], ball possession [91], and the technical level of the footballers [92]. This
indicates that some players with high physical capacities do not cover great distances due
to the tactical limitations of their role in the team.

This study represents a significant contribution to understanding the impact of car-
diorespiratory and metabolic parameters on the MRP of professional football players.
One of the key strengths of this research is that the findings have determined which cardio-
vascular, respiratory, and metabolic parameters are most strongly associated with various
running speeds of football players. This constitutes a major contribution to this field, as
based on the analysis of previous research, it is noticeable that there is no study that has
comprehensively tracked the relationship between physiological and metabolic parameters
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at different movement speeds. Additionally, it is important to note that this is the first
study to gather valuable information about national-level football players in Serbia.

The study’s limitation lies in the relatively small sample size of participants; however,
one of the restricting circumstances is the challenge of recruiting a sample of national-level
football players and subjecting them to detailed analyses. Furthermore, another limitation
pertains to the fact that the observed football players in the overall sample were aged
between 18 and 32 years, despite the physiological differences between an 18-year-old
and a 32-year-old. A suggestion for future research would be to examine lactate levels
in competitive conditions and analyze the given parameters based on playing positions,
ideally with a large sample size of participants.

Practical Application

Recording the current physiological demands of world-class male football players
holds scientific value and direct practical applications, as it is a rare occurrence due to
limited access to such subjects. The practical significance of this observation lies in the
realization that training these abilities should be developed to the highest possible level.

Furthermore, the direct practical application of this research is that this knowledge
can assist coaches in making evidence-based decisions by providing new normative phys-
iological data that can be used for player selection and profiling. Ultimately, these data
can be valuable for coaches and fitness trainers in national-level teams to highlight the
requirements of higher-level competitions and to design training sessions, which can aid
players in transitioning to an elite competition.

5. Conclusions

The purpose of this study was to determine the association between cardiorespiratory
and metabolic parameters and running performance in highly trained football players.
Based on multiple regression analysis, the key findings were as follows: (i) cardiac param-
eters HRmax, HR 2/, and HR AT are associated with total running distance, with HR 2’
and HRmax also being associated with high-speed running, while HR 2’ is associated with
jogging; (ii) respiratory parameter VO,max /v is associated with total running distance;
and (iii) lactate parameters are not associated with movement performance. Based on this,
it can be concluded that the first two hypotheses are partially accepted, while the third
hypothesis is rejected.

A detailed analysis of regression results for functional variables emphasizes the signif-
icance of heart rate at all levels, particularly at critical points (HR max, HR AT), recovery
heart rate (HR 2) as an indicator of intensity and player fatigue, and the efficiency of
the respiratory system (VO,max/v) as an integral factor of functional performance. The
explanation for these regression analysis results is based on the observation that functional
abilities represent a significant quality /potential for expressing movement performance, a
crucial condition for success in football.

This research has contributed to understanding the relationship between cardiorespi-
ratory and metabolic parameters and running performance among highly trained football
players in Serbia, and it meticulously determined which cardiovascular and metabolic
parameters are associated with different running speeds. Therefore, this study, as one
of the few that extensively examine the cardiorespiratory and metabolic domains and
their relationship with various movement performances, has contributed to this field by
elucidating which physiological parameters should be emphasized in the conditioning of
football players.
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Abstract: The main purpose of this study was to study the effects of a specific rowing ergometer
training program on the athletic performance of young adolescents (N = 56; 11.73 & 1.4 years old)
compared to a workout based on general strength training. An eight-week training program was
implemented, with four sessions per week and two hours per session. The sample was divided into
two groups: a control group (CG) that performed circuit training with exercises aimed at building
general strength and an experimental group (EG) who focused on specifically training on a rowing
ergometer (rowing machine). The data obtained in a rowing meter test over the competition distance
were analyzed to obtain the average power attained (W) at the beginning of the training, at the
middle (4 weeks), at the end of the training (8 weeks) and one year after the experimentation. The
results show that although both forms of training improve the average W obtained in both categories,
the EG subjects (+29.94 W) obtained better averages in all phases of the study compared to the CG
(+5.88 W). Furthermore, this increase was greater in male rowers (+34.06 W) than in female rowers
(+24.54 W). These results reveal that a specific rower rowing ergometer training program has a more
significant effect than a general strength program and these effects can even be observed a year after

the intervention.

Keywords: rowing; sport performance; adolescents

1. Introduction

Rowing is a strength and endurance sport in which competition performance depends
on a combination of parameters involving cardiovascular endurance, muscular strength
and motor skills, making it a perfect activity for adolescents who want to develop a range
of physical and mental skills while enjoying a rewarding physical sport experience [1,2].
Consequently, muscular strength is a vital component of rowing, and the major role it plays
in this discipline cannot be underestimated.

Muscular strength is the capacity of a muscle to exert a force through contraction,
allowing it to overpower, resist or exert pressure against resistance [3,4]. Muscular strength
plays a critical role in rowing because athletic performance is built over physical strength [2].
Young athletes who engage in this sport work on building strength in many muscle groups,
such as those of the arms, legs, back and trunk; it is also a challenge for the cardiorespiratory
system, since rowing requires a large intake of oxygen [5]. Strength in these muscle groups
gives rowers the power they need to efficiently and quickly move the boat through the
water [2,6,7].
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One of the advantages of focusing on building muscle strength in adolescence is that
it is a critical period of growth and development [3]. Research into strength training in
young people has generated significant controversy in the physical fitness world over the
years [8,9]. Although the earliest studies published on how strength training influences
adolescents did not report positive effects for young people [10,11], there is now sufficient
scientific evidence to assert that strength training in adolescents, provided it is controlled
and supervised by professionals who focus on developing proper technique and ensuring
individual safety, is beneficial to the health and performance of young athletes [3].

The World Health Organization’s global recommendations suggest that children and
adolescents should spend at least 60 min per day engaging in moderate to vigorous intensity
physical activity, mainly aerobic, and engage in muscle and bone strengthening activities
at least three times per week [12]. Additionally, the American College of Sports Medicine
prioritizes strength training at an early age to improve musculoskeletal system function and
the overall fitness level of young people through the practice of a variety of safe, effective
and fun strength training activities [3].

Among the benefits of strength training in 11-13 year olds, there are studies showing
how mechanical stress, induced through strength training, was beneficial for body and
bone growth [8,13]. This not only corroborates the theory that suggests that, because
of the low surrounding hormone levels in bone structures, adolescents cannot handle
overloading during training and, therefore, may suffer alterations in the bone formation
process or deformities, as some studies suggest without sufficient significant evidence [14],
but it also shows us that strength training based on moderate and high-intensity exercises
can be a powerful positive stimulus on bone structures [8,15]. Furthermore, regarding
another controversial topic of strength training research—the high risk of injury during
training—recent studies have shown that strength training at an early age helps to reduce
injuries by up to 50% [3]. This suggests that the increase in physical conditioning levels
enables adolescents to successfully cope with the challenges posed by the demands on
the musculoskeletal system during physical and sports activities, thus reducing the injury
rate [16].

Adolescents who engage in rowing-specific strength training programs not only im-
prove their ability to perform on the water, but also help develop healthy cardiorespiratory,
muscular and skeletal systems [5]. Moreover, as we have seen above, muscular strength in
rowing has a direct impact on preventing injuries [6,16]. Strong muscles provide additional
joint support and help stabilize the body during the repetitive motion involved in rowing.
This decreases the risk of injury to joints and muscles, critical to keeping teens active and
healthy throughout their rowing careers.

Another advantage of developing muscular strength through rowing is its impact
on mental performance. The confidence and self-esteem of adolescents increase as they
see improvements in their strength and performance. Likewise, the discipline required to
stick to a consistent strength training program translates into greater determination and
perseverance, valuable skills that will apply to all areas of a young person’s life [17].

However, when it comes to lower-level performance, is general strength training
enough to improve athletic performance? In the following experimental study, we aim to
observe the influence of a controlled specific muscle strength training program on athletic
performance in young people aged between 11 and 13 years. The aim of this study is
to determine which training (specific rowing ergometer training program vs. a workout
based on general strength training) is more beneficial for athletic performance in adolescent
rowers aged 11-13 years old.

2. Materials and Methods
2.1. Subjects

A sample of students/rowers (N = 56; boys: n = 32; girls: n = 24) with a mean age
of 11.73 £ 1.4 years, belonging to two categories (10-11 years old: n = 25 and 12-13 years
old: n = 31), completed an eight-week training program, with four weekly sessions of two
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hours each one, consisting of one hour of specific training followed by an hour of rowing
on the water.
The sample was divided into the following two groups:

(1) A control group (CG: n = 26) received specific training based on general strength
circuit training with exercises using their own body weight at six stations (squat jump,
push-up, plank, back-squat, pull-ups with elastic bands, side-plank). They performed
three 30-s sets of each exercise in a rotating circuit with 30-s rests between each set.

(2) An experimental group (EG: n = 30) whose training consisted of a specific training
protocol using a rowing ergometer (rowing machine model CONCEPT 2 D PM5,
Concept-2, Morrisville, VT, USA) [18] consisted of two blocks of five sets of 90 s, at
18 strokes at maximum power, resting 60 s between sets and 4 min between each of
the blocks. A drag factor (DF) of 140 was established (higher than what is usually set
during training in the juvenile and youth categories, which is around 90-100 DF or
the resistance of the water when paddling). The DF measures how quickly the fan
blades slow down between each pull.

2.2. Procedure

To determine the participants’ level, several tests were first performed using the
rowing ergometer to find the baseline of each athlete. A pre-test measurement was
taken during the first week, using the competition distance as a reference (500 m for the
10-11 years old category; 1000 m for the 12-13 years old category) where data related to
the watts (W) generated in relation to the time/distance covered were obtained (all these
figures are available using the rowing machine’s PM5 software (https://www.vermontc2
.com/tienda/monitor-pm5-rowerg/ (accessed on 1 March 2024)).

During the training protocol, a test (intermediate test) was established at 4 weeks; and
a measurement (post-test) at the end of 8 weeks of training. Finally, a test was carried out
one year after the experimentation in order to analyze the effects of both training programs
(all measurements were taken over the same competition distance based on category and
under controlled conditions).

Participants were informed about the importance of performing the tests to the best of
their abilities. To avoid positively or negatively influencing the data collection, each athlete
performed the test without being given any data, technical details, or external motivation.
At the end of the test, information was collected from the sample.

Classification into the different groups of the study (CG vs. EG) was made considering
the result obtained in the initial test, sex, category, and weight/height of the participants,
understanding that, with the same categories, sex, weight, height and result in the rowing
ergometer test, one subject was included in the CG, and the most similar subject according
to the same criteria was included in the EG. The breakdown of the comparative groups in
the study was as follows (Table 1):

Table 1. Breakdown of the groups in the study.

Category 10-11 Years Old (N = 25) 12-13 Years Old (N = 31)
Sex Male Female Male Female
n 14 11 17 14
CG EG CG EG CG EG CG EG
Study group
7 7 6 5 8 9 5 9
Age 1071 £028 11.14+0.26 10.50 + 0.22 10.60 £ 0.25 12.37 £ 0.18 12.50 £ 0.16 1240 £ 025 12.75+0.16
(Mean £ SEM)

CG: control group; EG = experimental group; SEM (Standard Error of the Mean).

2.3. Equipment

The tests were performed on a CONCEPT 2 D PM5 rowing ergometer [18]. This
model is equipped with software and various applications that can track all the rower’s
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data (meters, strokes, watts, etc.), as well as the transformation of watts (W) to time and
vice versa; it can also provide other measurements such as the average watts achieved
in the test, an important factor considering that we have two groups with different com-
petition distances (10-11 years old: 500 m, and 12-13 years old: 1000 m). This implies
that if a subject completes a distance of 500 m in 2:00 min, the average watts (average of
W = distance/time) will be 2:00; on the other hand, if another subject completes 1000 m in
4:00 min (double the distance and time), the average watts would also be the same.

2.4. Ethical Aspects

Once the initial selection was made, informed consent was collected from both the
participating rowers and the parents/legal guardians after a discussion where the nature of
the study was explained to them, clarifying that their anonymity would be maintained at
all times, following the ethical considerations of Sport and Exercise Science Research [19],
and with the principles included in the Declaration of Helsinki [20], which define the
ethical guidelines for research on human subjects, and the University of Malaga gave the
identification number registered for the Ethics Committee: 65-2020-H. During the study
and afterwards, we acted under the provisions of Organic Law 3/2018 of December 5 on
the Protection of Personal Data and Guarantee of Digital Rights, regarding the protection
of personal data under Spanish law.

2.5. Statistical Analysis

A frequency analysis was conducted for the variables of age, sex, group, and study
category. An analysis of descriptive statistics was also performed according to the experi-
mental group to quantify the changes produced in the means obtained from the different
measurements of the study. Unless otherwise indicated, data are presented as mean + SEM
(Standard Error of the Mean). To determine the influence of the category variable con-
sidering the sample group and the measurements obtained in the test performed with
the rowing machine in the different phases of the study, a comparative analysis of the
averages was performed (ANOVA test [groups (control vs. experimental) X test (pre-test vs.
intermediate-test vs. post-test and vs. one year-test)]). Likewise, we used the same statisti-
cal procedure to determine the influence of the sex variable on the results obtained in each
group ANOVA test [groups (control vs. experimental) x test (pre-test vs. intermediate-test
vs. post-test and vs. one year-test) x sex (female vs. male)] and the age (ANOVA test
[groups (control vs. experimental) x test (pre-test vs. intermediate-test vs. post-test and vs.
one year-test) X age group (10-11 vs. 12-13 years old)]). The Holm-Sidak post hoc test was
applied in all cases. Analysis of all study variables was conducted using the SPSS version
25 statistical package (SPSS, Inc., IBM, Armonk, NY, USA).

3. Results

Table 2 shows the frequency analysis of the sample. Participants were divided accord-
ing to sex, group, age, and age category (Table 2).

The analysis of the descriptive statistics by sample group shows that control group
subjects obtained lower averages in all phases of the study, compared to the experimental
group (Table 3).

Figure 1 shows the evolution of the averages obtained by the different groups accord-
ing to the phase of the study. This graph shows a positive evolution for both study groups,
but it is higher in the experimental group (difpyre-test/post-test = +29.94 W) with respect to the
control group (difpre-test/post-test = +5.88 W). Statistically significant differences were found
between groups (F3216) = 0.81; two-way ANOVA and Holm-Sidak test).
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Table 2. Frequency analysis.

Frequency Percentage (%)
10 9 16.07
11 13 23.21
Age (years) 12 18 32.14
13 16 28.57
S Male 32 57.14
ex Female 24 42.85
Grou Control 26 46.42
P Experimental 30 53.57
Catecor 10-11 years old 25 44.64
gory 12-13 years old 31 55.35
Table 3. Descriptive statistics by group.
Control (Mean + SEM) Experimental (Mean + SEM)
Pre-test (W) 134.21 + 8.99 156.89 + 8.01
Intermediate-test (W) 137.13 + 8.98 179.44 + 10.56
Post-test (W) 140.10 +9.21 186.83 + 10.69

[F(3.216) = 0.81; two-way ANOVA and Holm-Sidak test]. W = watts; SEM (Standard Error of the Mean).

M Pre-Test
M Intermediate-Test
B Post-Test
200 E
z E
5 150
HEEE
]
~
L J
L * % |
100 A *
Control Group Experimental Group

Figure 1. Evolution of the averages obtained (W) on the rowing ergometer. Statistically significant
interaction between tests and groups were found [F(3 516) = 0.81; two-way ANOVA and Holm-Sidak
test; ¥, p < 0.05; **, p < 0.001)].

Table 4 analyzes the influence of the category to which subjects belong in the study
groups. There is an improvement in the mean values obtained in the parameters of muscular
strength (W), which is statistically higher in those subjects in the experimental group (EG10-
11 years old: difpre/post-test = +15.82 W; EG12-13 years old: difpre/post-test = +39.35 W) than
that obtained by the control groups (CG10-11 years old: difpre/post-test = +4.56 W; CG12-
13 years old: difpre/post-test = +7.21 W). In addition, the measurements obtained by the
12-13-year-old subjects are statistically higher than those of the subjects aged 10-11 years
old (Table 4). [Fg208) = 0.54; two-way ANOVA and Holm-Sidak test; p < 0.05]).
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Table 4. Intrasubject analysis of muscle strength by group and category.

Control Group Experimental Group
10-11 Years 12-13 Years 10-11 Years 12-13 Years
(Mean + SEM) (Mean + SEM) (Mean + SEM) (Mean + SEM)
Pre-test (W) 112.05 + 12.13 156.38 + 10.37 134.28 + 11.22 171.97 £ 9.74
I“termffjfte'teSt 11445+ 1230 159824994 14423 +11.66 20291 + 1331
Post-test (W) 116.61 + 12.74 163.58 + 9.97 150.10 + 11.67 211.32 +13.35

[F(9,208) = 0.54; two-way ANOVA and Holm-Sidak test].

Figure 2 offers the evolution of the different values obtained by sex and the study
group. Although the improvement is noticeable in both groups, there is a more prominent
positive trend in the experimental groups, especially in the male group.

H Pre-Test
3009 10-11 years old 12-13 years old r M Intermediate-Test
- H Post-Test
2501 . E E
2001 .
& [] [ [] [] £
]
1504 E [} i : L* |
£ 100
D e e e e e e e e e e e e e e e
2
=]
P~ 2507
200 =
[
1504 i )
1004 i E i =
504
Control Experimental . Control Experimental

Figure 2. Evolution of the averages obtained by group and sex. CG = control group; EG = experimen-
tal group; W = watts. [F(y1 192) = 0.45; two-way ANOVA and Holm-Sidak test; *, p < 0.05].

Table 5 examines how sex influences the study groups, and how the averages obtained
in the experimental group are statistically higher than those obtained in the control group in
both male and female cases [F(g 508) = 0.39; two-way ANOVA and Holm-Sidak test]. Com-
paring changes produced throughout the different phases of the study by sex, an improve-
ment can be seen for both the control group (male CG: difpre/post-test = +3.86 W; female CG:
difpre/post-test = +8.65 W), and the experimental group (male EG: dif,re/post-test = +34.06 W;
female EG: difpre /post-test = +24.54 W), although the change is statistically more pronounced
in the latter (Table 5).

Table 5. Intra-subject analysis of muscle strength by group and sex.

Control Group Experimental Group
Male Female Male Female
(Mean + SEM) (Mean + SEM) (Mean + SEM) (Mean + SEM)
Pre-test (W) 15918 +9.85 10016 +9.55  173.97 938 1345+ 11.46
Imermfvc\l;)ate't%t 16049 +10.08 10527 +1031  201.68 + 1372 15035 + 13.00
Post-test (W) 163.04 +10.51 10881 +1099  208.04+13.99  159.10 + 1355

[F(9,208) = 0.39; two-way ANOVA and Holm-Sidak test]. W = watts; SEM (Standard Error of the Mean).
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Finally, once eight weeks of the intervention program were completed, both groups
of rowers returned to identical training sessions: four sessions/week (2 h duration: 1 h
of general muscular strength exercises, and 1 h of rowing). One year after the beginning
of the program, a test on the rowing machine was again performed to collect data on the
subjects” performance (Figure 3).

10-11 years old 12-13 years old B Pro-Tost
i H Intermediate-Test
3001 . %k % . Post-Test
I 1 M One year

. %
250 ' : x !
| . 1

2004 E E I*

Power (W)
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-
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L T :
1504 I i ! . L * % J
E . L I
. *
E E : L J
100+ .
L . J *
*
L ]
%
50+
Control Experimental Control Experimental

Figure 3. Evolution of the averages obtained (W) according to the group (control vs. experimental)
and category (10-11 years vs. 12-13 years); and results obtained one year after the training program.
[F9,208) =0.54; two-way ANOVA and Holm-Sidak test; (**, p < 0.001; *, p < 0.05)]. W = watts.

Table 6 shows that the effects of specific strength training in adolescents continued to
provide statistically significant differences one year later and had a positive correlation with
respect to the performance of the rowing test on the rowing machine (Table 6, Figure 4).

Table 6. Intrasubject analysis of muscle strength by group and category one year after the
training program.

Control Group Experimental Group
10-11 Years 12-13 Years 10-11 Years 12-13 Years
(Mean + SEM) (Mean + SEM) (Mean + SEM) (Mean + SEM)
Post-test (W) 116.61 +12.74 163.58 +9.97 150.10 £+ 11.67 211.32 £ 13.35
One year later (W) 152.92 + 11.25 191.85 + 8.286 177.83 +11.71 254.83 + 16.79
ADiprSt_test /one year later W) +36.32 +28.26 +27.73 +43.52

[F(9,208) = 0.54; two-way ANOVA and Holm-Sidak test]. W = watts.

Table 7 and Figure 4 show the evolution of the different groups according to sex one
year after the training program. Statistically significant differences were found after one
year of training in the experimental groups (male and female) with respect to their control
groups ([Fg 208) = 0.39; two-way ANOVA and Holm-Sidak test]).
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Figure 4. Evolution of the averages obtained (W) according to group and sex; and results ob-

tained one year after the training program. [F(g 50g) = 0.39; two-way ANOVA and Holm-Sidak test;
(*, p <0.05)]. W = watts.

Table 7. Intra-subject analysis of muscle strength by group and sex one year after the training
program.

Control Group Experimental Group
Male Female Male Female
(Mean + SEM) (Mean + SEM) (Mean + SEM) (Mean + SEM)
Post-test (W) 163.04 + 10.51 108.81 + 10.99 208.04 + 13.99 159.10 4+ 13.55
One year later (W) 191.47 + 8.41 146.36 4+ 10.67 246.65 + 18.67 194.46 + 14.37
ADifpost_test /one year later W) +28.43 +37.55 +38.61 +35.36

[F(9,208) = 0.39; two-way ANOVA and Holm-Sidak test]. W = watts.

4. Discussion

The purpose of this study was to test the effects of a specific rowing ergometer training
program compared to general strength training on sport performance in adolescent rowers.
After analyzing the results obtained, we were able to verify that although the results
improved in both the CG and the EG following the training program, there was a greater
positive and statistically significant correlation between the power achieved in the rowing
ergometer test (W) and the rowing-specific strength training.

To assess the performance of rowers in both categories, we adjusted the competition
course distance to match their accustomed level of challenge. This procedure allowed
us to analyze the athletic performance of each participant and compare the results of
both categories, and thus we set out to estimate the athletic performance of each par-
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ticipant to compare the results after completing the defined training program. In this
sense, there are studies that show significant relationships between strength values and
performance, using the rowing ergometer tests as a predictor of athletic performance in
rowers [6].

If we focus on the sport of rowing in relation to muscular strength, studies analyz-
ing the influence of aerobic capacity on athlete performance are predominantly preva-
lent across various disciplines, including Olympic rowing [21] with research address-
ing the issue of the relative contribution and demands of muscular strength and power
only being very limited [2]. In this sense, recent studies have shown how important
muscle strength is during the initial phase of rowing, when the athlete is subjected to
high levels of acceleration while extending the upper body [2,5]. Therefore, it is impor-
tant to investigate the relationship between the way we train our young athletes and
their performance to encourage their athletic performance while promoting proper body
development [22,23].

Accordingly, a literature review reveals the importance of strength training as a
beneficial tool for the health of the target population [24]. Some examples indicate that
an eight-week training program based on strength training significantly improves sit-ups,
push-ups, sit and reach, standing broad jumps, as well as the height reached during the
Counter Movement Jump (CM]) test [25]. A recently published review on the influence of
variables associated with muscle strength training in prepubescent youth demonstrated
its efficacy, not only in increasing muscle strength values in 100% of cases, but also in
significantly increasing jumping and sprinting skills. At a morphological level, strength
training helps to decrease the percentage of body fat and increase lean body mass [3,26], so
it is not only beneficial for maintaining an adequate body mass index, but also helps in the
correct motor development of young athletes [12,27].

Lee et al. [28] conducted a study comparing various training protocols in female
rowers and found greater benefits, compared to the time spent in covering 2000 m on
the rowing meter, in those groups that performed higher intensity strength training
based on weight lifting exercises (with equipment for five sets of 30 s and a maximum of
18 repetitions for each exercise), compared to another group that performed low repetitions
(four sets with two to six repetitions per exercise). On the other hand, Thiele et al. [29]
carried out a comparison with adolescent competitive female rowers who trained fol-
lowing a high-intensity strength-endurance training program (4 sets of 12 repetitions at
75-95% of 1-MR maximum repetition) versus a low-intensity strength—endurance train-
ing program (4 sets of 30 repetitions at 50-60% of 1-MR). In this study, they concluded
that rowers improved their fitness level with high-intensity training (maximum strength,
muscular power, anaerobic endurance, and speed of execution), whereas low-intensity
exercises were shown to be more effective in improving specific performance in the sport
of rowing. Consequently, we suggest further research is required to identify the rela-
tionship between the type of specific strength training and sport-specific performance in
rowing sports.

Regarding the results obtained in this study, taking into account the gender of the
rowers and the competition category, improvements were obtained in both groups after
completing the training program, although more notably in the experimental group that
underwent the specific training program on rowing machines.

Other studies that refer to the difference between sex in adolescent rowers concluded
that boys demonstrated greater muscular power (measured in W), but also a higher score
in perceived effort at all ages except between 12 and 14 years old [30], which could be
associated with a greater metabolic demand at the age of puberty, although other factors
should also be taken into account. In terms of differences in performance, another study
found improvements in the rowing ergometer tests at the end of the program, but mostly
in women [31]. This study shows that there is significant progression in both groups, al-
though our results show better results in 12-13-year-old adolescents than in 10-11-year-old
adolescents and in boys more than in girls.
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Rowing training in adolescents is associated with adaptation not only of the cardiores-
piratory system, including an increase in the internal diameter and size of the myocardium,
but also of the skeletal muscles, triggering the processes of hypertrophy in the muscle
fibers, especially in the slow twitch fibers. Additionally, a correct development program
with qualified coaches can favor correct biological growth and body development, as
well as the improvement of physical fitness (muscular strength, muscular endurance) [27].
According to this study, our results show that specific training programs conducted on
rowing machines can help and be a useful tool for developing rowing talent, since they are
highly correlated with athletic performance.

5. Conclusions

The present study has been able to confirm the positive effect of specific rowing
training using a rowing ergometer on performance improvement in male and female rowers.
This information contributes to clarifying the relationship between strength training and
performance in young athletes, which can be highly beneficial as long as the training is
supervised by qualified personnel. It’s crucial to consider the importance of technique,
gradual load progression, and adherence to safety standards.

As a result of this study, coaches involved in rowing with adolescents should comple-
ment water training with rowing ergometer sessions to improve muscular strength and
endurance since during these ages, we have found that the effects of this type of training
are noticeable even one year after experimentation.

In the future, it would be interesting to increase the sample of rowers and corroborate
these results with a larger sample and with different ages to see if the same differences exist
and, at the same time, to continue observing how long significant differences exist between
the performance of EG and CG subjects.
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Abstract: Monitoring the training load during training is important for quantifying the demand
on psychological and physiological responses. This procedure is achieved through subjective and
objective methods applied to the control of the level of training, to the attainment of conditioning and
performance goals, and to the prevention of injuries. Training load refers to either external load, such as
the variables of speed, distance, accelerations, and decelerations, or internal load, which is related to the
psychological and physiological responses during an exercise session or training period (e.g., rating of
perceived exertion—RPE; and heart rate—HR). To measure external load, traditional methods include
pedometers, accelerometers, global positioning systems, and volume load. For internal load, methods
include RPE, training monotony, strain, and impulse, HR, hormonal and biochemical markers, and
training diaries and questionnaires. The current review reinforces the assumption that the methods
should be combined to improve confidence with the information, mainly when assessing internal load
stress during training. Moreover, training load provides an objective assessment of performance levels
and involvement in different training phases, thus providing relevant information to analyse strategies
for the effectiveness of conditioning progress, performance enhancement, and injury prevention.

Keywords: workload; performance; rating of perceived exertion; performance indicators
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1. Introduction

The process of prescribing and periodizing a training program, whether for sports
performance, fitness, or health, is systematic and complex, aiming to induce morphological,
metabolic, and functional changes to enhance performance or health [1]. Given the com-
plexity and systematic nature of the training process, rigorous monitoring is necessary to
implement all planned changes effectively. Typically, assessments are conducted through-
out load monitoring, which involves controlling and analyzing the athletic responses to
training through less time-demanding or invasive procedures; however, these assessments
are usually recommended at specific intervals (e.g., weeks or months) to ensure the ef-
fectiveness of the monitoring strategies [1]. Hence, optimizing the daily training plan
according to the individual responses (e.g., performance and conditioning adjustments,
fatigue and pain levels, and recovery capacity) is essential for individualizing tasks (i.e., ex-
ercise mode, intensity, and volume adjustments) and for enhancing athletic and health
goals while preventing maladaptive responses and injuries [2—4].

Indeed, training load monitoring can quantify the psychological and physiological
stress levels induced by single or multiple training sessions using objective and subjec-
tive methods and tools, such as the rating of perceived exertion (RPE), training impulse
(TRIMP), heart rate (HR), amount of movement (accelerometers), and metabolic activation
(blood lactate and oxygen uptake) and disturbance (serum levels of creatine kinase and
cortisol) [3,4]. The main advantages of monitoring training load include minimizing errors
in training prescription through different metrics, enabling the control of dose-response
stimuli from one or more training sessions, assessing individual stress and fatigue lev-
els, preventing undesirable overreaching, early detection of overtraining, and preventing
acute and chronic injuries [2,3]. These advantages have contributed to the effectiveness of
physical adaptations, performance enhancement, and injury prevention [3,4].

In sports science, training load can be classified into external and internal loads.
External load refers to the training variables corresponding to the work performed during
training or a set of sessions. In contrast, internal load refers to the psychological and
physiological stress imposed on the body during exercise, which are crucial factors in the
adaptation process to training [2,5]. Understanding these concepts is crucial for selecting
the appropriate method or tool for quantification. In recent years, a growing body of
scientific evidence has emerged supporting the use of these tools and strategies in sports
and fitness [2,5].

Measurements of external load can be made using parameters such as distance covered,
global positioning data, sprints performed, power output, and/or weight lifted [1,6].
However, more than merely understanding the methods and tools related to external load,
there is a need to ensure successful monitoring. In this process, coaches play a crucial role
which involves being aware of the most appropriate methods and tools for monitoring the
specific external load demands of a given sport or exercise, and they must also recognize
how the external load metrics may vary between individuals [5]

On the other hand, some methods for monitoring internal load include RPE, monotony,
training strain, TRIMP, HR, hormonal and biochemical markers, questionnaires, and
diaries [2,3]. Similar to external load, it is essential that the selected methods for mon-
itoring internal load are appropriate for the specific sport or type of exercise practiced and
that internal load responses can differ between individuals even when experiencing the
same external workload [5].

Although different methods of monitoring training load can provide useful informa-
tion for adjusting planning according to individual needs and goals, it is crucial to highlight
the inter- and intra-individual variability when assessing external and internal load dur-
ing training. Indeed, training load is influenced by factors such as training level, body
composition, team position, environmental condition, and health status [7]. For example,
resistance-trained individuals perform a higher number of repetitions at a given relative
strength (e.g., 60% and 80% 1RM—one maximal repetition) than low or moderate-trained
individuals, evidencing the influence of muscle endurance, strength, and power on external
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load (i.e., volume load) monitoring [8]. Similarly, displacement during soccer matches
varies by player position (e.g., midfielders cover ~11.5 km, while defenders and attackers
cover 10 to 10.5 km) [9]. Furthermore, RPE scores have shown differences when comparing
experienced individuals regarding the level of fatigue and pain during exercise [5,7], as well
as the athletes who train at a target similar HR zone might show differences indifferently
perceived and metabolic responses (e.g., RPE and blood lactate concentration) if the mode
of exercise differs (e.g., cycling vs. running: 12.8 + 0.4 vs. 11.6 + 0.3, and 6.2 & 0.3 vs.
2.9 + 0.3 mmol/L), due to the differences in the level of muscle activation and fiber type II
recruitment (both higher in cycling than running) [10].

Understanding, selecting, and applying methods and tools for monitoring external
and internal load in physical training programs is crucial for controlling and improving
training planning. Therefore, this study aimed to present and describe the use of the main
tools and methods for assessing internal and external load to assist in the monitoring of the
level of responses to the planning (according to the expected level of training) or the analy-
sis of the planning (rethink the strategies according to the proposal of training, i.e., whether
sports performance or healthcare). The search for this revision was not constrained to a
given period and was conducted in the Embase, ESPORTDiscuss, LILACS, PEDro, PubMed,
and SciELO electronic databases, covering studies published until 30 May 2024. The search
used the terms “training load” OR “internal load” OR “external load” OR “training moni-
toring” OR “planning” OR “sport performance” OR “athletic enhancement” OR “health
improvement” OR “humans”. Manual searches were conducted in the references of eligible
articles in the PubMed, Scopus, and Google Scholar databases to add other relevant titles.
Seventy-eight references were selected among the titles screened.

2. External Load Monitoring

The external load can be monitored by quantifying the parameters performed during
the training session, such as distance covered, sprints performed, power output, number of
repetitions, and/or weight lifted [2,3]. Quantifying individual sessions or the cumulative
load across sessions allows coaches to assess the external load applied to the individual,
whether in a training program for performance or for fitness [3]. However, some of these
methods for quantifying external load monitoring may involve calculations and require
technological instruments, ranging from simpler devices like pedometers to more complex
ones like accelerometers or global positioning systems (GPS). In addition, the choice of
methods may vary depending on the type of sport (e.g., team, individual, endurance,
strength, or power) [2,3]. Moreover, utilizing two or more methods can be beneficial
for monitoring external load and identifying variables that influence performance [2,5].
For example, monitoring the swimming velocity and stroke rate can support coaches
regarding metabolic pace and swimming efficiency, informing about the swimmer’s skill
and conditioning levels [11]. In this way, GPS and accelerometers have been considered
tools with accuracy in assessing swimming velocity and stroke rate due to the correlation
to data from kinematics analysis [12] For example, stroke counting with accelerometer and
video analysis correlated in breaststroke (r > 0.98) and butterfly (r > 0.99), as well as the
measurements of velocity with GPS, and video analysis showed an acceptable standard
error in freestyle (0.13 m/s) and breaststroke (0.12 m/s) swimming. Hence, in other sports
in which displacement velocity and motion rate are important variables to infer the level
and progress in conditioning and performance (e.g., running and cycling velocity, step
rate and length in running, and rotation per minute in cycling), the information from
different variables of external loads might reduce mistakes while planning and evaluating
training [5,13].

2.1. Time—Motion Analysis

For many sports and even for fitness, time-motion analysis is important for perfor-
mance and training programs. Methods for time-motion analysis include pedometers,
accelerometers, and GPS [2,3,7,14].
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2.1.1. Pedometers and Accelerometers

Pedometers are simple instruments used to measure the steps taken by individuals
during exercise, such as walking or running [15]. These devices are programmed to
detect vertical movement of the hip, providing an approximate estimate of the horizontal
distance covered during exercise [16]. Although pedometer use in monitoring the total
number of steps during physical activity has been correlated with other devices, such as
accelerometers (i.e., r = 0.86), the high mean difference in steps measured by these devices
(accelerometers > pedometers) suggests a poor convergent validity of the pedometer [17].
However, the high correlation between pedometer and accelerometer regarding the counts
of steps per a given unit of time suggests that pedometers can be considered a feasible
method for providing individual feedback on time spent at different categories of step
intensities (light, moderate, and vigorous), as were estimated using an accelerometer [17].

It is important to note that the pedometer only registers steps when the body moves
vertically; therefore, pedometers cannot independently discriminate intensity levels during
the movement, exercise mode, duration, distance, physical activity level, or the tolerance.
However, when combined with other devices (e.g., stopwatch, pace tracker, accelerom-
eter, and GPS) or additional information (e.g., age, body composition, height, weight,
RPE, heart rate, and oxygen uptake), pedometers can estimate these variables with rea-
sonable accuracy [7,14,18]. For example, the amount of steps per day determined with a
pedometer correlates positively with conditioning tests (e.g., 6 min walk, r = 0.69), exercise
tolerance (e.g., time in treadmill test, r = 0.41) and cardiorespiratory function (peak VO,
r = 0.22), and negatively with index of obesity (body mass index, r = —0.27) and aging
(e.g., age, r = —0.21) [18]. Although pedometers are simpler instruments compared to de-
vices such as accelerometers or GPS, an important application as a step counter device
is the monitoring of the quantity of movement to achieve a recommended level of daily
physical activity [15,17]. Despite the low accuracy in measuring steps during walking and
running, pedometers should not be dismissed as a tool for monitoring light to moderate
aerobic activity, especially when other methods are unavailable. In such cases, pedometers
can help individuals without training supervision to follow the World Health Organization
2020 guidelines on physical activity [19]. Consequently, because of the aforementioned
limitations and the possibility of applying pedometers in controlling exercise for health
purposes, it may be better recommended for training to enhance conditioning levels for a
healthy lifestyle than athletic performance.

On the other hand, accelerometers offer a greater range of information compared to
pedometers [14,16,20]. For more than two decades, this instrument has been used in perfor-
mance and fitness training programs [11,12]. The accelerometer provides a wide range of
data that facilitate monitoring external load, including distance covered, session duration,
intensity times within the training session, HR, energy expenditure, sleep duration and
quality, body temperature, and more [16,20]. Moreover, monitoring step frequency with ac-
celerometers presented high correlations with measurements of running velocity (r> = 0.80),
and when taking into account the effect of leg length and mass on the step frequency
and displacement, the energy expenditure can be estimated accurately during walking
(r? = 0.84) and running (r? = 0.86) [21]. Thus, accelerometers are considered suitable tools
for controlling training load and adjusting planning according to individual goals, since
data from external (distance, speed, and power) and internal (estimating energy demand)
loads can be assessed and combined to enhance the analysis of training effects on health
and performance [16,20].

All this information assists coaches and athletes in understanding the intensity of
training sessions and making informed decisions about the progression of training vari-
ables [13,14,20]. The use of accelerometers is widespread in both team and individual
sports and endurance activities [14,20].
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2.1.2. Global Positioning Systems (GPS)

GPS is widely used for measuring external load, especially in team sports [22]. These
devices are integrated with satellites, providing information about distance, speed, and
acceleration. For example, GPS measurements of player displacement during a specific test
on an Australian football field were compared with data from computer-based tracking
(CBT) analysis and a trundle wheel pedometer. The results showed a high correlation
between GPS and CBT data (r = 0.99), and both methods were strongly correlated with the
pedometer (r = 0.99) despite a slight overestimation of the distances traveled compared
to the actual values [23]. Therefore, when combined with accelerometers, GPS can offer a
comprehensive range of data about player movement during sports performance [24-27].

An important aspect of using GPS in team sports is the ability of this device to quantify
specific demands according to players’ positions, which is essential information to adjust
training in line with player needs. Additionally, this instrument aids in categorizing athletes
by better individualizing the workload within the training program [28]. The literature has
investigated the validity and reliability of GPS in various team sports such as rugby, soccer,
and American football [28]. For example, in soccer, which is characterized by technical-
tactical complexity that defines match performance, the external load is usually measured
using GPS for tracking positioning and understanding factors contributing to successful
performance, such as high-speed running, player load, accelerations, and decelerations
during matches [29]. In rugby, GPS devices can provide information on the specific match
demands according to the player’s position, thereby enabling better planning of training
tasks aligned with the physical demands of official match requirements [30].

However, the validity and reliability of GPS can be influenced by factors such as
duration, speed, type of activity, and different devices used. For example, studies have
shown that GPS accuracy can decline at higher speeds or in complex environments (e.g.,
the standard error for the estimate of the velocity is 0.7% during walking, but can attain
5.6% during running, as well as the coefficient of variation for the measurement of the
velocity tending to be lower (<5.3%) with a higher sampling rate) [22,24,31]. Furthermore,
while GPS provides reports with various data points, many coaches and athletes may still
struggle with interpreting or relating these parameters effectively for monitoring external
load (e.g., the control of the velocity—ranging from 2 to 20 km /h—correlated with r = 0.99
with the stopwatch record, as well as distance measures improving with longer duration,
showing the coefficient of variation being reduced from ~32 to 4% in distances ranging
from 10 to 140 m) [22,31]. In addition, the use of inertial devices to analyze training load in
different sports modalities has increased over the past decade, with GPS being the most
commonly used technology [26,27,31].

Although GPS provides a significant amount of information for monitoring external
load, one of its limitations is the use of speed zones for athletes [17]. Consequently, the
combination of GPS with accelerometers has become common in team sports, not only
to complement the information limited by GPS but also because accelerometers provide
additional complementary data [27,28,31]. The combined use of GPS and accelerometers
enables coaches to better interpret performance, conditioning, and physical fitness, espe-
cially in team sports, allowing for more effective monitoring of external load throughout
the training program [28,31].

2.2. Power Meters and Linear Encoder

The measurements of power meters, including power output, acceleration, speed,
cadence, average power, and peak power, among others, can be used for monitoring and
quantifying external load [2,31]. These parameters are particularly important for sports
like cycling and provide coaches with information on adaptation and performance related
to the training program [31]; power meters can inform about exercise power at different
exercise intensities due to the high correlation with power increment during incremental
tests in cycling (r = 0.992 to 0.997) [32]. Power parameters can be recorded during tests,
training, or competition by specific measurement instruments and analyzed later using
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software [2]. While power meter measurements are valid, the expected power output may
vary depending on the conditions or location of the meter [31,32].

The linear encoder is a sensor device that measures linear position and velocity during
exercises and can be attached to barbells or body segments [33]. When combined with an
external constant load or synchronized with load measuring devices (such as strain gauges),
mechanical power during the movement can also be assessed, allowing the monitoring of
external load during strength and/or power training [34]. Indeed, linear encoder sensors
have provided reliable measurements of power and velocity variables during strength
training and are recommended to simplify the testing and monitoring of training routines
for athletes and non-athletes [35].

2.3. Repetition Method and Volume Load

The repetition method is a simple tool for measuring the total number of repetitions
and volume (i.e., when combined with the number of sets) performed in an exercise,
session, week, or training cycle. Due to its simplicity, absolute volume load is often more
suitable for measuring external load and monitoring the balance between exercise intensity
and volume in resistance training [36]. Volume load is a method for quantifying external
load by calculating the product of load and volume during resistance training (load in
kg x number of sets x number of repetitions). This method allows for the determination
of the exercise volume load, and the sum of the volume loads of the exercises in a session
quantifies the total volume load [36,37].

While absolute volume load is widely used, it has some limitations, particularly regard-
ing differences in movement force-velocity profile and endurance between individuals with
varying levels of strength. A more effective way to compare volume load between two in-
dividuals is a calculation using the number of sets x number of repetitions x % 1RM (in
arbitrary units), which is better for comparing volume load between two individuals [37].

Lastly, a recommended strategy for determining the intensity of a session or exercise
in resistance training is to divide the volume load (session or exercise) by the number
of repetitions performed (session or exercise), providing the average load (kg) lifted per
repetition [37]. In addition, movement velocity is another variable of exercise intensity,
which, in combination with the load lifted, can be useful for monitoring the level of
exertion when planning training to develop muscle power (i.e., the ability to increase
work per time) [34]. In practical terms, velocity is indeed a costly variable to be measured
accurately [35], and power measurements are restricted to laboratory conditions. While
this information can provide valuable insights for external load analysis, there is still not
easy applicability to real-world training management [7].

3. Internal Load Monitoring

The literature has shown a wide range of methods for monitoring internal load,
primarily including HR, RPE, monotony, strain training, TRIMP, physiological markers,
and the use of diaries and questionnaires. Among these methods, HR is the most commonly
used response to measure and quantify the internal load of players during training sessions
and matches, due to the functional meaning of this variable [5,38]. However, combining
these methods is often recommended for a more comprehensive understanding of training
internal load [2,3].

An example of the enhanced potential of combining two or more internal load methods
to analyze the physiological demand imposed with training is evident in studies reporting
a low association between cognitive perception of effort (e.g., RPE) and metabolic responses
(e.g., blood lactate accumulation) [3,4,7]. Therefore, despite the assumption that individuals
can monitor physiological stress using perception, studies have shown that physiological
variables, rather than perceptual ones, can better distinguish the training demands of
similar exercise modes that are planned differently [5,6,13].

In addition, it is interesting to consider the variability in responses to training (i.e., con-
ditioning and performance adjustments), which can be observed when comparing different
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individuals experiencing the same training load (i.e., inter-individual trainability) and
when comparing the same individual across different seasons (i.e., intra-individual train-
ability) [13]. These variabilities indicate that individuals not only respond and adapt
differently to training, but their responses also oscillate over time, regardless of sex, age,
and conditioning level [5,13], ratifying the importance of monitoring internal loads to avoid
untoward outcomes with training [38].

3.1. Rating of Perceived Exertion (RPE)

The RPE score is a commonly used and cost-effective scale for monitoring internal load
demands during training, supported by solid scientific evidence showing correlations with
exercise intensity, HR, and lactate concentrations [7]. The RPE scale involves the practitioner
pointing to the descriptor (perceived effort intensity) and then the corresponding number.
Initially proposed in 1974 by Borg [39], the scores of efforts ranged from 6 to 20 points,
which was the former index to rate the post-exercise level of exertion perceptually from a
“very, very light—6" to a “very, very hard and maximal—19 or 20” [40]. Over the years,
other scales, such as the category ratio (CR-10) and the session RPE (sRPE), have also been
introduced [41-43].

The RPE scale proposed by Borg reflects the exerciser’s subjective intensity of effort
during or immediately after exercise. This RPE scale was initially based on HR during
running, with 6 corresponding to resting HR (60 beats per minute) and 20 to maximum
effort, which would be (200 beats per minute) [39]. This correspondence was investigated
in sedentary and athletic individuals, either to discriminate the exercise intensity or the de-
mand upon the cardiocirculatory system. For example, the 6-20 RPE scale was considered a
reliable tool for prescribing and self-regulating high-intensity interval training (HIIT) in the
sedentary population. This was an assumption postulated after no significant differences
were shown in HR responses to HIIT sessions prescribed and regulated by the HR reserve
method and RPE at low-intensity interval planning (~50% of HR reserve or 9-11 points on
the RPE scale: 135 £ 15 bpm vs. 138 & 20 bpm), and at high-intensity intervals (~85% of
HR reserve or 15-17 points on the RPE scale: 168 + 15 bpm vs. 170 & 18 bpm) [44].

The application of the RPE scale in sports and fitness has also been used in the
CR-10 [39,45]. The CR-10 scale has a narrower numeric range, with 0 representing rest and
10 representing maximum effort. In contrast to the 6-20 scale, the CR-10 features twice the
intensity range of the previous scale, but its application is similar to that of the 620 RPE
scale [5,41,46].

In 2001, Foster and colleagues introduced the sRPE scale. Unlike the other RPE scales
(6-20 and CR-10), which assess the perceived intensity of effort during or immediately after
exercise, the sRPE scale evaluates the perceived intensity of effort over the entire training
session [5]. Originally, this scale was meant to be applied only 30 min after the conclusion
of the training session. To use this scale, the individual should be familiarized with it and
select the descriptor followed by the corresponding number representing the perceived
effort intensity during the training session, where 0 represents rest, and 10 maximum
effort [43]. The use of sSRPE to monitor training is a reasonably accurate measure of internal
load in different exercises, regardless of mode and intensity, such as resistance training,
high-intensity interval training, or plyometric training [13].

Indeed, the literature has evidenced that applying the sRPE scale 10 min after the con-
clusion of the training session does not significantly differ from applying it after 30 min [47],
despite the initial recommendation for a longer waiting period. The sRPE, developed by
Foster, has proven reliability concerning HR zones, with strong correlations reported be-
tween HR zones and sRPE (r = 0.75 to r = 0.90) [38]. Moreover, another study involving
soccer players also demonstrated a strong correlation between sRPE and HR zones (r = 0.54
to r = 0.85) [5,42]. Typically, sRPE is combined with other factors such as exercise dura-
tion, HR, or blood lactate levels to provide a better understanding of the internal load
experienced by the individual [7,13].

170



Appl. Sci. 2024, 14, 10465

The literature has demonstrated that training session load can be calculated using ar-
bitrary units by multiplying the training session duration (exercise time, recovery intervals,
warm-up, and cool-down) by the sRPE [42,48]. However, for resistance training sessions,
arbitrary units are quantified by multiplying the sRPE by the total number of repetitions
in the session. It is worth noting that there is currently no standardized classification of
session load for this type of training [49,50]. Calculating arbitrary units for a training
session is essential for applying the concepts of monotony and training strain.

However, some factors such as individual experience, training level, training speci-
ficity, fibre distribution, environmental conditions, and psychological states, affect RPE
reports, hence limiting its use for monitoring internal load, regardless of its wide scientific
support [13].

3.2. Monotony and Training Strain

Training monotony reflects the variability of the training load, and depending on this
variability, the adaptive responses to training can be either positive or negative [51]. A
7 to 10-day period is typically used to calculate training monotony, with calculations often
based on a 7-day window. Initially, the average of arbitrary units for the sessions within the
analyzed period (e.g., 7 days) is calculated by averaging the daily load (i.e., sSRPE multiplied
by session duration) in arbitrary units. This value is then divided by the standard deviation
of the average weekly load (i.e., the sum of daily loads over a week) to determine the
monotony index, from which the strain index can be assessed by multiplying the weekly
load by the monotony [51-53].

For example, if a training session lasts 120 min and is reported as 6 (on RPE scale
ranging from 0-10), the daily load is 720, which can be considered heavy training [50].
Therefore, if the next planned sessions demand slight variation in RPE (e.g., 5 to 7) but
not in session duration, the weekly load can total 2160 arbitrary units with three sessions
per week. The monotony also tends to approach high values (e.g., average load in a
week = 720 divided by the standard deviation of the weekly load = 97.98, resulting in
7.3 arbitrary units), which indicates a higher strain (e.g., weekly load multiplied by the
standard-deviation of the weekly load, resulting in 15.873 arbitrary units).

Thus, when analyzing sRPE, monotony, and strain responses to training, information
regarding an exacerbated demand on a single training stimulus can be obtained, supporting
training plan revision to avoid unsatisfactory results [51-53]. Therefore, monitoring sRPE,
weekly load, monotony, and strain during physical sports practice can be essential for
controlling the demands required based on the specific modality practiced.

3.3. Training Impulse (TRIMP)

TRIMP is a widely used method for assessing training load and can identify the time
spent at each training intensity [3,52,53]. Bannister and Calvert [53] were the first to present
the TRIMP model to quantify internal training load. Subsequently, other TRIMP models
were introduced using different physiological parameters for TRIMP calculations [3,53,54].

The TRIMP method by Edwards [55] involves multiplying the duration that individu-
als spend within designated intensity zones during the training session. These zones of
intensities are determined according to the percentage of maximum HR elicited during
exercise (Zone 1: 50-60%; Zone 2: 60-70%; Zone 3: 70-80%; Zone 4: 80-90%; and Zone 5:
90-100%). The TRIMP method proposed by Lucia et al. [56] is based on ventilatory thresh-
olds and is divided into three phases or zones: Phase I, representing low intensity below
the ventilatory threshold; Phase II, indicating moderate intensity between the ventilatory
threshold and the respiratory compensation point; and Phase III, signifying high intensity
above the respiratory compensation point. In the TRIMP model, each phase is assigned a
coefficient multiplied by the training duration within each zone, resulting in the TRIMP
score [57,58].

Lastly, the Bannister and colleagues modified TRIMP model, known as Stagno’s
TRIMDP, relates blood lactate levels to HR zones [41]. It is important to note that all TRIMP
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models were initially developed for endurance sports, and further research is needed to
address the applicability to sports demanding other physical abilities (e.g., power, and
anaerobic capacity).

3.4. Physiological Markers

Physiological markers for monitoring training internal load can be used to detect
fatigue levels, physiological stress, and training recovery [2,3,5]. Among the physiological
markers, HR is the commonly used method by athletes and exercise practitioners. This
variable primarily assesses whether an individual can tolerate the training load and the
recovery process.

The most applied HR analyses for monitoring internal load are HR recovery (HRR)
and HR variability (HRV) [2,3,59]. Every time an exercise is completed, there is an immedi-
ate rapid reduction in HR. Decreases in HRR can indicate fatigue, detraining, an inability to
withstand the training load, or undesirable overreaching [60,61]. HR recovery corresponds
to the decline in HR after the end of the exercise. Typically, this recovery interval can
vary from 30 to 120 s after the session’s conclusion, with 60 s being the commonly used
duration [61]. HR recovery can be expressed in two ways: absolute HRR (the number of
heartbeats recovered within a certain period) and relative difference (the relative differ-
ence between the average HR in the final 30 s of exercise and the rate 60 s after exercise
completion) [5,61,62].

Similar to HRR, the HRV has been used to obtain insights about an individual’s pos-
itive or negative adaptations to physical training [63,64]. HRV involves measuring the
intervals between cardiac beats. A reliable method for its measurement is the natural loga-
rithm (Ln rMSSD) of the differences between intervals (R-R), calculated for 10 to 60 s [63].
For HRV monitoring, it is recommended to measure it at least three times a week over a
prolonged period to obtain adaptive responses to training. A reduction in HRV may indi-
cate that the individual is experiencing a negative response to training, while an increase in
HRV suggests that the individual is experiencing positive adaptations [61,63]. Monitoring
HR through HRR or HRV can provide important information about an individual’s training
adaptations. However, monitoring should not solely rely on HR and should be comple-
mented by other methods and tools, such as RPE or lactate concentrations, to enhance the
reliability of internal load assessments [3,61,63].

Saliva samples that monitor hormonal markers can provide information about an indi-
vidual’s health status and prevent overtraining [64,65]. Hormones measured in saliva, such
as testosterone, cortisol, or the testosterone/cortisol ratio, seem to have implications for de-
tecting overreaching or overtraining states [38,66]. Testosterone is an anabolic hormone that
plays a role in growth and protein synthesis, as well as in psychological aspects contributing
to performance [65]. Cortisol, on the other hand, is crucial for metabolism as it increases
substrate availability to muscles and regulates immune system function. Increased levels
of cortisol after physical exercise or competition are expected due to exercise-induced
stress [64], which is further supported by a high correlation between cortisol levels and
exercise intensity (r = 0.86) [66]. Due to its crucial importance, cortisol is one of the most
measured hormones for training monitoring, especially among athletes [47,65].

The testosterone/cortisol ratio is an interesting tool for monitoring sports since it
reflects the balance between anabolism and catabolism states. A high ratio suggests an-
abolic adaptations, while a low ratio may be detrimental as it indicates a catabolic state [65].
Hormonal monitoring can be valuable for managing training loads and the individual’s
recovery process [64,67]. Blood samples are also used for biochemical analyses, providing
information to assess an individual’s training status. Among the primary biochemical
markers for exercise monitoring is creatine kinase. Due to the ease of collecting and exam-
ining this enzyme, serum creatine kinase (CK) activity has become an important marker
widely used in sports and fitness, with increases in CK activity indicating structural muscle
damage at the level of the sarcolemma and Z-disks [68,69]. Therefore, this biochemical
marker has been used to assess muscle damage since its levels increase acutely in response

172



Appl. Sci. 2024, 14, 10465

to training loads [69]. Other muscle enzymes, such as serum lactate dehydrogenase (LDH),
myoglobin, and troponin, can also be measured to indicate the extent of muscle dam-
age with excessive exercise training [69]. For instance, LDH activity is a marker of cell
damage, with increases helping to assess adaptation to training, while myoglobin release
indicates degradation of protein structures within muscle and correlates with neutrophil
response induced by stress [69]. In addition, cardiac and skeletal muscle troponins are re-
leased with high-intensity exercise, indicating disruption of the actin-myosin structure [69].
Given these molecules’ structural and functional importance, they are considered valuable
markers for monitoring the effects of training load on muscle tissue.

Immunological and inflammation markers can be used to assess physiological stress
in response to training load. Excessive training can lead to immunosuppression and
inflammation, increasing the individual’s risk of illness [70]. Several immunological and
inflammatory markers are associated with physical exercise and sports; among them,
cytokines play a significant role in acute and chronic responses to physical training. The
most commonly measured cytokines include interleukin-6 (IL-6), interleukin-8 (IL-8),
interleukin-10 (IL-10), and interleukin-163 (IL-1f) [71,72]. Hence, cytokines are molecules
that modulate inflammation and immune responses. According to Suzuki [71], increases
in interleukin IL-1ra, IL-6, IL-8, and IL-10 appear to be more closely related to exercise
intensity (physiological load/stress) than to muscle damage. Furthermore, long-duration
exercise tends to elicit a significantly higher response of these cytokines compared to
short-duration intensive exercise. Even with the complexity of the cytokine network, the
pro-inflammatory cytokines (e.g., IL-13, IL-6, IL-8, TNF-o) and the anti-inflammatory
cytokines, also with immunosuppressive function (e.g., IL-1ra, IL-10, and IL-4), contribute
to muscle injury and susceptibility to infections. Therefore, the inflammatory cytokines,
neutrophils, and macrophages can be markers of exhaustive exercise-induced muscle tissue
damage [71].

3.5. Questionnaires and Diaries

Athletes and exercise practitioners frequently use questionnaires and training diaries
as simple and cost-effective tools to gain insights into training loads for individual or
upcoming sessions. These tools collect subjective data; thus, it is important to comple-
ment the information with data from objective methods for monitoring training loads
(i.e., physiological or performance metrics) to improve accuracy [5,72,73]. Among the
primary questionnaires and diaries, the following stand out: the training diary, profile of
mood states (POMS), recovery—stress questionnaire for athletes (RESTQ-Sport), and total
quality recovery (TQR). These tools can be applied to athletes, trained individuals, or those
beginning their exercise journey [72-74].

In training diaries, the individual describes everything that occurred during the
training session, such as difficulties, pain, and more, and is used more commonly by
athletes than by physical exercise practitioners [72,73]. The POMS questionnaire consists of
65 items that assess six mood states: vigorous activity, anxiety-tension, dejection-depression,
anger-hostility, fatigue—inertia, and confusion-bewilderment [56,58]. The RESTQ-Sport
comprises 76 questions divided into 19 scales, of which 7 assess overall stress, 5 evaluate
overall recovery, 3 assess sport-related stress, and 4 evaluate specific recovery issues [72,75].
Lastly, the TQR assesses the individual’s recovery over the last 24 h by asking “how do
you feel now?” on a scale from 6 to 20, where 6 means “not recovered at all” and 20 means
“completely recovered” and is widely used between training sessions [72]. The TQR in its
modified form with a 0-10 scale can also be found and used [76].

4. Practical Considerations for Training Load Monitoring

When applying and using methods for monitoring training load, it is essential to
take into account several key points: the method’s validity and reliability with scientific
evidence, having a good understanding of how to apply the chosen method, using methods
or tools that are relevant to the training and specific sport, providing feedback to the
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practitioner based on the collected data, and being capable of interpreting the data collected
through the utilized methods [1]. Table 1 summarizes the methods covered, specifying
the type of load, application methods, and the sports and fitness disciplines in which each
method can be used. Figure 1 suggests practical approaches for the methods discussed in
this article for monitoring training load in sports and fitness.

Table 1. Training load monitoring methods characteristics.

Load Evaluated L Sports and Fitness
Method Monitoring Parameters Application Modalities
External - . . During exercise or competition, assess HR, In individual or team
Accelerometers Time-motion analysis . .
load distance covered, and energy expenditure. sports.
During exercise or competition, assess
GPS External Time-motion analysis distance, .speed, and changes. of direction, Mainly in team sports.
load and provide performance insights for players
in different positions.
. External . . . . 1 .
Power Metrics load Power output analysis During exercise or competitions. Mainly in cycling
. External Measurement of linear position and ~ Used for assessing a single exercise of a Mam}y in resistance
Linear encoder . . . . exercise and power
load velocity during exercises session -
training
Method External Quantification of the number of Used for assessing a single exercise or the Mamb’ in resistance
- o . . - . exercise and power
Repetitions load repetitions of exercise or session. entire session. .
training.
Absolute: Quantification of the
product.: .number of sets x number Used for assessing a single exercise or the Mainly in resistance
External of repetitions x load (kg). . : ‘ .
Volume Load . h s entire session, representing the sum of the set  exercise and power
load Relative: Quantification of the . .
of exercises. training.
product: number of sets x number
of repetitions x % 1RM
The RPE (620 or CR-10) assesses subjective
Internal Subjective perceived effort intensity intensity during or immediately after In individual or team
RPE . . exercise. The sRPE (0-10) measures the
load of the exercise by the individual. L . . .. sports.
subjective effort intensity of the training
session.
It is determined by multiplying the duration
Internal Identify the time spent at each that 1nd1v1.duals rema}ned within intensity Usually in 1n.c11V1dAua1
TRIMP L - zones during the session. These zones are sports, especially in
load training intensity. - . .
based on different physiological factors (HR, = endurance sports.
ventilatory threshold, and blood lactate)
The recovery interval following the sessions
HRR and HRV Internal Recovery and adaptation lasted fqr 60 s, with this duration being In individual or team
load predominantly employed for HRR and HRV  sports.
analyses.
Collection of saliva post-exercise and during
the recovery process between sessions, as o
. . In individual or team
Hormonal and . well as assessment of chronic exercise
. . Internal Fatigue control, recovery, and . . sports, encompasses
Biochemical . adaptation through hormonal concentration
load adaptation. . both strength and
Markers measurements. Blood collection for acute or .
. . . endurance exercises.
chronic exercise recovery and adaptation
assessment.
POMS, L . T
Internal . Subjective information through In individual or team
RESTQ-Sport, load Recovery and fatigue. westionnaires sports
and TQR ! ’ POTLS.

Abbreviations: HR, Heart rate; RPE, Rating of perceived exertion; TRIMP, Training impulse; HRR, Heart rate
recovery; HRV, Heart rate variability; POMS, Profile of mood states; RESTQ-Sport, Recovery-stress questionnaire
for athletes; TQR, Total quality recovery.
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Suggested methods for training load monitoring

! !

External load Internal Load
Accelerometers / Every session RPE Borg (6-20) / Every exercise
Volume load / Every session CR-10/ Every exercise

sRPE / Every session
For specific exercise training or testing/
Monotony / Weekly
Strain / Weekly
HR (HRV and HRR) / 3x per week

Questionnaire / 2x or 3x per week

Power metrics and Linear encoder

Training diaries / Every session

Figure 1. Training load monitoring suggested methods.

5. Final Considerations

Training load monitoring methods are essential for tracking physical training adapta-
tions and reducing the risk of injuries and overtraining. Despite the separate approach in
the literature to external and internal load methods, not only are both methods important
but also several measurements as well and should be monitored to quantify better psycho-
logical and physiological stress induced by training in individuals. The choice of method
may vary depending on the athlete’s sport, financial resources, or practicality.

The large number of variables recorded by monitoring devices during training sessions
and official matches provides the opportunity to understand the athlete’s demands and
make decisions regarding training management and injury risk assessment.

Analyzing athletes” physical demands through monitoring systems will allow team
technical staff to personalize training loads and determine the intensities at which athletes
must perform tasks during training sessions to improve sports performance. Thus, it will
also help to reduce the number of injuries associated with overload. Therefore, it is essential
to use the different types of existing monitoring systems.
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Abstract: Sleep is a fundamental biological process that plays a pivotal role in the health and
performance of physically active individuals (PAI). Sleep deprivation or poor sleep quality can
negatively impact recovery capacity, concentration, coordination, and muscular strength, thereby
compromising physical performance and increasing the risk of injuries. Objectives: This narrative
literature review aims to examine the scientific evidence on the importance of sleep hygiene for
the health and performance of PAI A search was conducted for studies published on PubMed,
Scopus, and Web of Science. Studies that investigated the effect of sleep hygiene on health and
performance variables in athletes were included. The literature analysis highlighted that good
sleep hygiene, adequate sleep duration (7-9 h per night), high sleep quality, and a regular sleep
routine are associated with a range of benefits for the health and performance of PAI, including:
(1) improved post-training recovery; (2) reduced risk of injuries; (3) enhanced concentration and
attention; (4) improved coordination and muscle strength; (5) better mood and mental well-being;
(6) reduced risk of chronic diseases. Sleep hygiene is a key factor for the health and performance of
PAIL Implementing a comprehensive and personalized sleep hygiene routine can lead to significant
improvements in the quality and quantity of sleep, with positive effects on physical and mental
health, and overall well-being of PAL

Keywords: sleep hygiene; physical activity; training; health; recovery; injuries; concentration;
coordination; muscle strength; mood; mental well-being; chronic diseases

1. Introduction

Achieving high-level international objectives for athletes as well as conducting a
physically active everyday life matching work, family, and training for physically active
individuals (PAI) require both athletes and PAI to maintain a high standard of recovery,
which allows for the maximization of adaptations from the substantial volume of training
they undergo [1]. In this context, the role of sleep in maintaining, supporting, and optimiz-
ing cognitive and physical performance during and after training sessions is paramount [2].
However, athletes as well as PAI in the most common situation of everyday life are highly
susceptible to sleep inadequacies, characterized by habitually short sleep of less than 7 h per
night, along with poor sleep quality, primarily due to high fragmentation [3]. A study con-
ducted with professional athletes observed lower sleep quality and sleep hygiene compared
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to a peer age group, and difficulty falling asleep post-competition [4]. Under this light,
sleep hygiene procedures must be considered fundamental. Sleep hygiene encompasses a
series of behavioral and environmental practices designed to optimize sleep quality, which
can significantly influence athletic performance. Originally developed for the treatment of
insomnia, sleep hygiene has found significant applications in the sports context to optimize
athletic performance [5]. During sleep hygiene training, PAI can be educated on a series of
optimal practices, such as avoiding stimulants, implementing physical exercise routines,
and creating a favorable sleep environment [6]. Sleep disorders represent an increasing
area of concern in sports and exercise science. In this context, ‘disorders’ encompass a
spectrum of sleep-related disturbances, with the six main ones highlighted as insomnia,
circadian rhythm disorders, sleep-related breathing disorders, hypersomnia/narcolepsy,
parasomnias, and restless legs syndrome/periodic limb movement disorder [7,8].

However, within athlete and PAI populations, other parameters have been incor-
porated into the definitions of sleep disorders, including prolonged sleep onset latency;,
excessive wakefulness after sleep onset, short total sleep time, low sleep efficiency, or poor
sleep quality based on subjective and/or objective assessments, which can affect general
health, injury risk, and career longevity [9]. Athletes and PAI may suffer from these condi-
tions and might not be aware of them unless they are specifically assessed and enrolled
in a sleep hygiene program. Sleep hygiene education is considered an economical and
readily accessible lifestyle intervention that can limit sleep deprivation, thereby maximizing
performance in the athlete population [6].

The implementation of sleep hygiene practices does not necessarily require direct
supervision by a sports medicine physician, potentially increasing its accessibility for
physically active individuals (PAI) who may be reluctant to seek medical intervention.
Information on sleep hygiene can be easily disseminated through various channels, such
as print materials or online platforms. However, it is important to note that PAI with
undiagnosed sleep disorders might misuse sleep hygiene practices such as going to sleep
late due to training in the late evening or waking up very early in the morning to train or
not following the guidelines for correct physical activity [10,11]. In such cases, it is crucial
to direct them towards treatments that are more specific.

Sleep deprivation is a widespread issue among PAI, who often fail to achieve the
recommended 7-9 h of sleep per night, achieving a lesser amount compared to non-PAI [12].
This trend has been observed across various types of sports, both individual and team, and
in both strength and endurance disciplines.

A comprehensive evaluation and expansion of the current evidence base supporting
sleep hygiene recommendations in the context of physical exercise are necessary to elucidate
their efficacy, particularly considering the different phases of the 24 h cycle: before sleep,
during sleep, and after sleep. With a particular focus on application in PAI, this review aims
to focus on identifying conceptual and methodological areas for direct implementation
into a 24 h cycle routine that fosters behaviors conducive to improving both the quantity
and quality of sleep in PAI. This includes specific strategies for each of the three phases,
such as relaxation techniques and reducing blue light exposure before sleep, maintaining
an optimal sleep environment throughout the night, and waking practices that facilitate
the transition from sleep to full activity.

The goal will be reached by examining critically the empirical evidence for the in-
dividual components of sleep hygiene recommendations, identifying the issues caused
by sleep deprivation, with a particular focus on variations in behaviors and needs re-
lated to the three distinct phases of the sleep-wake cycle: the pre-sleep, during-sleep, and
post-sleep phases. This literature review aims to identify knowledge gaps in our current
understanding of sleep hygiene recommendations within the physical exercise context and
propose a structured sleep periodization framework that takes into account the diverse
needs related to the three phases of the sleep—wake cycle. This periodized approach aims
to optimize physical performance through improved sleep management, adapting sleep
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hygiene strategies to circadian rhythms and the specific needs of PAI at various stages of
their daily routine.

2. Materials and Methods

For the review, we conducted bibliographic searches on PubMed /Medline to identify
studies published from 2000 to 2024, using MeSH keywords such as “Sleep Deprivation”,
“Athletes”, “Sleep Hygiene”, “Physical Exercise”, and “Athletic Performance”, along with
additional terms like “sleep extension”, “sleep quality”, “jet lag”, and “circadian rhythm”,
in English, without limitations related to gender or age. We also manually examined the
bibliographies of selected articles to verify their relevance. Studies that did not involve
athletes or were focused on individuals with sleep-related pathologies, as well as those
that did not consider sleep as the main outcome measure or that were animal studies, were
excluded from our analysis. The search yielded two hundred and nine studies, of which
one hundred and one were deemed relevant and thus subject to further examination. The
selected studies presented a great heterogeneity, preventing an aggregated synthesis of
the data. Most were small-scale studies with <20 participants or small cohort groups;
hence, a descriptive review was opted for. The PAI in the studies participated in endurance
disciplines, strength sports, and activities with combined physiology and were both men
and women.

3. Pre-Sleep Phase

The initial phase of sleep is a crucial element for physical performance and can be a
significant source of emotional stress for PAI [13,14]. While some individuals among the
younger population can fall asleep quickly, with the time required increasing with age from
2 to 20 min [15], PAI may encounter considerable difficulties in reaching the sleep state,
taking a significant amount of time to enter the REM phase due to an increase in epinephrine
following intense exercise [16]. For PAI, the results demonstrate an increase in slow-wave
sleep, a reduction in REM sleep, and a prolonged REM sleep latency, especially pronounced
in the first 3 h after sleep onset. These changes in sleep architecture are associated with
increased morning energy levels and perceived sleep quality. One proposed mechanism
for the delayed REM sleep is increased aminergic neurotransmitter levels and sympathetic
activity, supported by the observation that athletes with higher norepinephrine levels
exhibited greater REM latency following intense exercise [17]. This issue can generate a
negative psychological impact, such as frustration, and have adverse consequences on
athletic performance the following day [18].

However, the adoption of specific behavioral precautions and the modification of
certain habits can facilitate the process of falling asleep, placing greater emphasis on factors
often overlooked [19]. A common mistake is the tendency to underestimate the efficacy
of behavioral interventions, opting instead for pharmacological or external solutions [20].
This approach, although it may offer temporary relief, does not address the underlying
cause of the problem and can lead to side effects. After the treatment ends, individuals
tend to return to their initial state, which is often related to a misalignment between the
circadian rhythm and unhealthy lifestyle habits [21].

3.1. Adherence to the Circadian Rhythm

The circadian rhythm, a biological cycle of approximately 24 h, regulates a series of
physiological, cognitive, and behavioral changes in the organism [22]. One of the primary
functions of this rhythm is to prepare the body for a state conducive to sleep [23]. This
state is modulated by the endogenous biological clock, responsible for the secretion of
specific hormones that induce states of sleep or wakefulness. Athletes should maintain a
consistent sleep schedule by synchronizing their body with the sleep phase, facilitating
the achievement of an optimal state of sleep at a predefined time, favored by the correct
sleep pressure. However, there is no universal sleep schedule; congruence with one’s own
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chronotype can be assessed through the observation of spontaneous awakening in the
absence of external stimuli such as an alarm clock [24].

In the case of a chronotype misalignment, which could compromise daily commit-
ments such as school or work, the most effective strategy is simply to advance the bed-
time [25]. Given the rigid structure of social and sporting commitments, the waking time is
often fixed; therefore, the only margin for maneuver to align sleep with the chronotype is
to modify the bedtime. This can be carried out gradually, by advancing the sleep time by
5-10 min a week [26].

3.2. Promotion of a Dark Environment

Ambient lighting has a significant impact on the human circadian rhythm through the
activation of specific photoreceptors which transmit signals to the central nervous system
via the retina and the optic nerve [27]. These photoreceptors, divided into cones and rods,
remain functional regardless of the state of the eyelids [28]. The rods, in particular, exhibit
a sensitivity to light up to 4000 times higher than that of the cones, enabling orientation in
low-light conditions [29].

The entry of light through the eyelids can generate ambiguous signals to the brain,
compromising the regulation of melatonin and sleep, and, consequently, compromising
its effectiveness in facilitating sleep [30]. Light exposure, even at low intensities such as
3 lux, can have implications for sleep quality and circadian rhythmicity. Recent human
studies have demonstrated that exposure to light at night levels of 5-10 lux during sleep
may influence sleep physiology and daytime brain function, with effects on mood and
depression susceptibility [31]. Notably, light at night intensities around 3 lux are achievable
not only from installed emergency lighting in public spaces but also from display screens
of clocks, alarms, televisions, and electronic devices. Therefore, even minimal light sources
in the sleeping environment, including electronic displays, can potentially disrupt sleep
quality and biological rhythmicity.

These findings underscore the importance of minimizing light exposure during sleep,
particularly from artificial sources, to maintain optimal sleep—wake cycles and associated
physiological processes. Maintaining a sleep environment that is as dark as possible is
therefore crucial to ensure optimal melatonin release.

3.3. Airplane Mode

Deactivating electronic devices such as televisions, tablets, and smartphones before
nighttime rest is a practice recommended for improving sleep quality [32]. This advice,
which might seem like mere parental guidance, is actually supported by robust scientific
evidence. Prolonged interaction with tablets or smartphones, exceeding 8 h per day or even
just for 30 min before the rest period, can have a negative impact on subsequent sleep [33].
However, simply turning off the device’s screen may not be sufficient. It is crucial to place
the device at a significant distance from the resting place to optimize sleep quality [34]. For
example, it is suggested that electronic devices like televisions should be positioned at least
6 feet (2 m) away from the sleeping area [35]. Merely, activating “airplane mode” may not
be adequate; it is more effective to completely turn off the device or place it in silent mode
at a reasonable distance from the bed. Even in the case of a device with alerting properties,
it can be suggested to position it far from the bed.

3.4. Limitation of Technology

The practice of reading can have a positive impact on sleep quality, as long as it is not
carried out on electronic devices such as smartphones or tablets [36]. Reading traditional
books, preferably under yellow-toned light, can improve sleep quality by up to 22%
compared to the sleep quality of non-readers [37]. Additionally, reading in environments
with dim lighting can double these benefits. However, it is important to note that the
genre of reading can affect sleep quality; individuals who are emotionally reactive to
certain stories might experience a delay in falling asleep [38]. E-books without backlighting

182



Appl. Sci. 2024, 14, 6701

might have a lesser impact, but the emission of LED lights can alter melatonin secretion,
potentially affecting circadian rhythms and cognitive performance [39].

3.5. Training Schedules

It is noteworthy that physical activity, both intense and moderate, has a positive effect
on sleep quality [40]. However, for PAI engaging in intense physical activities, it is advisable
to conclude workouts at least two hours before sleep to avoid negative interferences with
sleep quality [41]. Furthermore, the intense and white lighting typical of sports fields and
gyms can inhibit the release of melatonin, further compromising sleep quality [42].

3.6. Stress Reduction

Falling asleep can be hindered by high mental activity, including anxious thoughts
and worries [43]. In the prehistoric era, the sympathetic nervous system’s response was
activated only in the presence of immediate threats, while the hectic pace of modern
life and constant exposure to variable stimuli maintain a high chronic activation of the
sympathetic system, leading to elevated stress levels and sleep disorders [44]. Mindfulness
and meditation techniques have shown potential benefits in improving sleep quality,
although the scientific evidence is still limited [45].

3.7. Activation of the Parasympathetic System

For the improvement of sleep quality, breathing directly influences the ease of falling
asleep, the reduction in the frequency of nocturnal awakenings, and the optimization
of sleep efficiency [46]. These benefits have been observed in subjects, including those
suffering from insomnia, who practiced slow and rhythmic breathing exercises for a period
of 20 min before sleep [47]. Slow and deep breathing, increasingly supported by scientific
evidence, involves a respiratory rate that varies between 4 and 10 breaths per minute
(0.07-0.16 Hz), as opposed to the typical 10-20 breaths per minute (0.16-0.33 Hz) of the
average human, which can have a close relationship with athletic performance [48].

This breathing mode, when combined with proper sleep hygiene and relaxation
techniques, has proven particularly effective in facilitating falling asleep and re-sleeping,
quickly synchronizing the heart rate with the respiratory rhythm [49]. Breathing techniques
that maintain a rhythm of 0.1 Hz, corresponding to about six breaths per minute, have
shown promising results in activating the parasympathetic nervous system, which acts
in opposition to the sympathetic system, thereby promoting physical relaxation, better
emotional control, and psychological well-being [50].

3.8. Maintenance of Sleep Regularity

The regularity of the circadian rhythm is a crucial element for maintaining quality
sleep and, consequently, for overall health [21]. Although our ancestors relied on natural
cycles of light and darkness to regulate sleep, modern life has introduced a number of
factors that can disrupt this natural rhythm. For example, going to bed at different times
each night can cause a form of “social jet-lag”, with negative effects on both sleep quality
and overall health [51].

This irregular behavior can lead to chronic sleep delay and increased variability,
both associated with negative health outcomes; therefore, establishing a regular nighttime
routine is imperative.

3.9. Body Weight Management

To optimize sleep quality, body weight and dietary habits can have a significant
impact on sleep quality. For instance, a heavy meal consumed shortly before going to bed
can disrupt sleep cycles and compromise rest quality [52]. This assertion is supported
by research from Crispim et al. (2007), who demonstrated that late-night high-fat meals
can negatively impact sleep quality and architecture [53]. Some foods, such as refined
carbohydrates, may have a sedative effect but can also cause a glycemic spike, followed
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by an insulin response and potential nocturnal hunger, which could lead to nighttime
awakenings [54].

This effect has been demonstrated in a study by Afaghi et al. (2007), which found that
high-glycemic-index carbohydrate meals consumed 4 h before bedtime decreased sleep
onset latency [55]. An ideal diet to promote quality sleep should include whole grains, nuts,
dairy, fruits, and vegetables [56]. Furthermore, St-Onge et al. (2016) observed that low fiber
intake and high saturated fat and sugar intake were associated with lighter, less restorative
sleep with more arousals [57]. Additionally, it is important to consider that digesting a
meal can take 2 to 3 h, during which sleep may be compromised [58]; Ormsbee et al. (2016)
observed that protein consumption 30 min before bedtime increased overnight metabolism,
suggesting prolonged digestive activity [59]. Going to bed during the digestion process
might cause discomfort or nausea and further slow down digestion [60]. Kinsey and
Ormsbee (2015) reviewed the effects of nighttime eating on sleep, appetite, and metabolism,
providing further evidence for the complex relationship between late-night eating and
sleep quality [61].

3.10. Impact of Music on Sleep Quality

Music has been identified as a non-pharmacological tool for improving sleep qual-
ity [62]. Nilsson (2009) observed a significant reduction in cortisol levels in patients listening
to relaxing music [63], while Salimpoor et al. (2011) found that pleasurable music triggers
dopamine release in the brain [64]. Several studies have demonstrated that music can
reduce cortisol levels, the stress hormone, and promote the release of dopamine, a neuro-
transmitter associated with pleasure [65]. Lai and Li (2011) demonstrated that older adults
listening to relaxing music at bedtime for 45 min over 3 weeks showed significant improve-
ments in sleep quality, including longer sleep duration and less sleep disturbance [66].
These effects can contribute to better quality sleep by reducing alertness and enhancing feel-
ings of well-being. Additionally, music can have a calming effect on the autonomic nervous
system, leading to slower breathing, a lower heart rate, and reduced blood pressure [67].

There is no unanimous consensus on the type of music most effective for improving
sleep quality; however, it has been suggested that selecting tracks with a beats per minute
(BPM) between 60 and 80 could be particularly effective as it may synchronize with the
resting heart rate [68]. Huang et al. (2016) found that music with a tempo of 60-80 BPM
was most effective in reducing anxiety and improving sleep quality in patients [69]. At
the same time, it is worth noting that familiar and repetitive music can trigger involuntary
musical imagery that worsens sleep quality [70]. Scullin et al. (2021) found that individuals
who frequently listen to music are more likely to experience ‘earworms’ at night, which
can interfere with sleep quality [70].

3.11. Bath or Hot Shower

Pre-sleep bathing or showering can positively impact sleep, particularly in athletes [71].
A meta-analysis by Haghayegh et al. (2019) demonstrated that bathing 1-2 h before
bedtime in water of 40-42.5 °C significantly improves sleep quality and reduces sleep onset
latency [72]. This effect is attributed to heat loss induced by vasodilation [72].

Furthermore, maintaining warm feet during sleep in a cool environment through
the use of bed socks has been associated with shortened sleep onset latency, increased
total sleep time, and reduced awakenings throughout the night [73,74]. Ko and Lee (2018)
found that wearing bed socks significantly enhanced sleep quality and reduced sleep onset
time in adults sleeping in cool conditions [73]. A meta-analysis by Jiang et al. (2024)
further corroborated that foot thermal therapy can improve various aspects of sleep quality,
particularly in older adults [74].

3.12. Melatonin, Herbs, and Tryptophan

Melatonin is known as the “sleep hormone” and has various applications, including in
the treatment of jet lag and some sleep disorders [75]. A meta-analysis by Liira et al. (2014)
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found that melatonin slightly improves sleep quality, but the evidence is of low quality [76],
and the effectiveness of taking exogenous melatonin in shift workers is still a subject of
debate [77].

Herbs such as Valerian and Chamomile are often used as sleep aids, but scientific
research has not yet provided solid evidence of their effectiveness [78]. The systematic
review by Shinjyo et al. (2020) found limited evidence supporting Valerian’s efficacy
for sleep improvement [78]. Similarly, Hieu et al. (2019) conducted a meta-analysis on
Chamomile’s effects on sleep quality, showing modest benefits [79].

Other plants like passionflower, lavender, lemon balm, magnolia bark, and ashwa-
gandha have shown potential, but results are mixed [80,81]. Herbal teas, however, have
shown positive signs in improving sleep quality [82].

Tryptophan is an essential amino acid that acts as a precursor to serotonin, a neu-
rotransmitter that regulates mood, sleep, and appetite [83]. A deficiency in tryptophan
can lead to low levels of serotonin, causing conditions such as depression, anxiety, and
insomnia [84]. Tryptophan is involved in the production of serotonin and melatonin, which
regulate sleep—wake cycles [85]. Sutanto et al. (2022) conducted a meta-analysis demon-
strating that tryptophan supplementation can improve sleep quality, particularly sleep
latency and sleep efficiency [86].

To improve sleep quality, it is advisable to follow a diet rich in tryptophan. Foods
such as tuna, salmon, chicken, beans, pumpkin seeds, almonds, bananas, yogurt, milk, and
cheese are good sources of tryptophan [87]. The absorption of tryptophan is facilitated
when consumed with complex carbohydrates [87].

3.13. Avoiding Alcohol

Contrary to popular belief, alcohol is not a good sleep inducer. While it may reduce
sleep latency and increase NREM sleep in the first half of the night, in the second half, it
suppresses REM sleep, leading to a “REM rebound” with altered dreaming [88-91]. Alcohol
abstinence can also disrupt sleep homeostasis, increasing nighttime awakenings [90].

4. During-Sleep Phase
4.1. Environmental Temperature and Sleep

The environmental temperature of the sleeping area can significantly impact sleep
quality. The National Sleep Foundation suggests a bedroom temperature of 16-19 °C
(60-66 °F) to promote sleep [92]. Lowering body temperature can facilitate sleep induction
and minimize energy expenditure [93].

4.2. Sleeping Positions

The position in which one sleeps can affect sleep quality and overall health. The
National Sleep Foundation states that sleeping on one’s back is generally best for health,
but only 8% of people adopt this position [94].

Sleeping on the side is the most common position and can promote better airflow. It is
often recommended for people who snore or have sleep-related breathing issues such as
obstructive sleep apnea and can also alleviate neck and back pain [95].

Sleeping on the back can be comfortable for some people, especially those with back
pain. However, it may intensify snoring and acid reflux [96].

Sleeping on the stomach is less common and can increase pressure on the spine,
causing neck and back pain. It can also make breathing more difficult [96].

4.3. Mattress and Pillow

The comfort of the mattress and pillow is crucial for good sleep quality. A medium-
firm mattress is generally recommended for comfort and spinal alignment [97]. Regarding
pillows, the use of an orthopedic memory foam pillow is suggested to maintain a constant
temperature and reduce neck pain related to sleep [98,99].
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4.4. Electromagnetic Waves

Environmental electromagnetic fluctuations can affect sleep quality. Devices such as
cell phones, Wi-Fi routers, and household appliances are often responsible for electromag-
netic fields that can cause sleep disturbances and other health issues [100,101]. Alterations
in electromagnetic fields can also affect the circadian rhythm [102].

4.5. Environmental Noise

Noise, especially in urban areas, can have a negative impact on sleep quality. It
can cause physiological changes such as variations in heart rate and blood flow [103].
Eliminating environmental noise can improve sleep quality and reduce the latency of sleep
onset [104].

4.6. Wearing an Eye Mask or Earplugs

Using an eye mask can have beneficial effects on memory, alertness, and cognitive
function the next day even though it does not show immediate effects on sleep itself [105].
The use of earplugs can extend the duration of deep sleep (IN3), especially for those who
are not bothered by them [106].

4.7. Avoiding Interruptions

Nighttime interruptions leading to fragmentation can be caused by various factors,
both physiological and pathological, resulting in increased objective sleepiness, decreased
psychomotor performance in tasks involving short-term memory, increased reaction time,
or vigilance [107]. For physiological causes, such as the need to drink or eat, it is advisable
to regulate water and food intake throughout the day. For instance, limit fluid intake
after 19:00 and avoid simple sugars at dinner to prevent glycemic spikes that can induce
nocturnal hunger.

5. Post-Sleep Phase
5.1. Watching the Sun

Exposure to sunlight in the morning can have beneficial effects on our sleep-wake
cycle by blocking residual melatonin production and activating cortisol [108]. This practice
suppresses melatonin production during the day and increases cortisol levels, improving
alertness, concentration, and efficiency in daily activities [108,109]. This is particularly
useful for those who have experienced sleep deprivation as it helps to regulate the cycle
of light and darkness exposure, improving cognitive performance and mood through the
production of serotonin [110].

5.2. Not Sleeping during the Day

Avoiding prolonged afternoon sleep is crucial to maintaining a good sleep-wake cycle.
A nap of over an hour can negate the “sleep pressure” accumulated during the day, making
it difficult to fall asleep the following night and compromising sleep quality [111]. Instead,
a “power nap” of about 20 min can provide an ideal balance, improving alertness without
negatively affecting nighttime sleep [112]. Elite athletes show significantly shorter sleep
latencies, suggesting that napping behavior may reflect the ability to fall asleep on demand
rather than drowsiness resulting from sports-related sleep debts [111].

5.3. Engaging in Physical Exercise

Physical exercise is a powerful ally in improving sleep quality. Not only does it help
reduce stress and anxiety, but it also contributes to regulating melatonin levels, the hormone
that promotes sleep. Although not apparently specific for athletes, consistent activity of
about 60 min four or five times a week has been shown to be effective even for patients
with insomnia [113,114].
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5.4. Limiting Caffeine

Caffeine is a stimulant that can interfere with sleep up to 8.8 h after consumption. To
avoid sleep problems, it is recommended not to consume caffeine after 14:00-14.30 if going
to bed at 23:00 [115]. Anyway, caffeine-sensitive people might need to discontinue caffeine
consumption any time after noon.

6. Discussion

The literature review underlines that adherence to specific recommendations across
the three phases of the sleep-wake cycle—the pre-sleep, during-sleep, and post-sleep
phases—can significantly enhance both sleep quality and quantity. These improvements
are associated with positive outcomes in the athletic performance, physical and mental
health, and overall well-being of physically active individuals (PAI).

The pre-sleep phase involves several critical strategies for optimizing sleep conditions.
Maintaining consistent sleep schedules aligns circadian rhythms with environmental cues,
facilitating sleep initiation and quality enhancement. Minimizing exposure to blue light
emissions from electronic devices and reducing technology use before bedtime are crucial
for promoting melatonin production and sleep induction. Stress management techniques,
including mindfulness, meditation, and controlled breathing exercises, are recommended to
facilitate the transition to sleep. Furthermore, engaging in non-stimulating activities, such
as reading physical books and listening to calming music, in conjunction with avoiding
intense physical exercise proximal to bedtime, can contribute to improved sleep onset.
Dietary considerations, weight management, and the judicious use of aromatherapy or
supplements (e.g., melatonin and specific herbs) may also be beneficial, albeit under
appropriate medical supervision.

The sleep environment is a critical factor in sleep quality. Optimal bedroom temper-
ature (cool) and comfortable sleeping arrangements, including medium-firm mattresses
and appropriate pillows, are essential for minimizing discomfort and pain. Reduction of
electromagnetic exposure and environmental noise, coupled with the use of sleep aids
such as eye masks and earplugs, can significantly enhance sleep quality by mitigating
disturbances.

Post-sleep behaviors also play a crucial role in regulating sleep patterns and overall
health. Morning exposure to natural light assists in resetting the circadian rhythm, while
nutritious breakfast consumption and adequate hydration throughout the day support
energy levels and improve subsequent sleep quality. Consistent physical activity during
daytime hours further promotes both daytime alertness and nighttime sleep readiness.

In summary, our findings underscore the importance of comprehensive management
of the sleep environment and sleep hygiene behaviors in optimizing the restorative effects
of sleep, thereby enhancing physical readiness and performance. While this review primar-
ily addresses physically active individuals, it is noteworthy that these practices may be
beneficial for both sedentary and active adults. Finally, it is important to acknowledge that,
in cases of severe or persistent sleep disturbances, a multifaceted approach incorporating
pharmacological interventions, such as benzodiazepines, may be warranted [91]. How-
ever, a comprehensive discussion of pharmacological treatments is beyond the scope of
this review.

7. Limitation

We acknowledge several limitations in our review. While the suggestions we have
reported are applicable to a healthy population and athletes, we cannot definitively demon-
strate that they can improve performance. This is an objective that future studies will
need to address. We also found that the available data were not always able to provide
answers that could demonstrate differences by sex and age. We recognize that a subsequent
meta-analysis will be necessary to establish greater scientific consistency on this topic, and
can also collect hygiene rules extended to 24 h. It is important to note that we found that the
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scientific consistency regarding athletic performance for many of the provided suggestions
is currently lacking.

8. Conclusions

Despite these limitations, we believe our comprehensive literature review on evidence-
based protocols for sleep hygiene provides valuable insights for both athletes and the
general population. The hygiene rules and suggestions we have outlined are based on
current scientific evidence and offer a solid foundation for improving sleep quality. While
the direct link to athletic performance enhancement requires further investigation, we
emphasize the importance of good sleep hygiene for overall health and well-being. We
intend this review to serve as a reference point for healthy individuals seeking to optimize
their sleep patterns and potentially support their athletic endeavors. We suggest that future
research should focus on addressing the identified gaps, particularly regarding age and
gender differences, and establishing more concrete connections between sleep hygiene
practices and athletic performance.
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Abstract: Background: Classification of athletes in cerebral palsy (CP) football is a key action that
aims to promote the participation of all players by minimizing the impact of their physical disabil-
ities on the outcome of the competition by establishing sports classes. As such, a new research
line has been included in the classification process at an international level; that is, the analysis of
locomotor demands during competition helps classifiers to understand the para-footballers’ profile.
Therefore, the main aim of this systematic review was to summarize the physical and physiological
responses of players with CP in different sport classes during competition. Methods: A bibliographic
search was conducted using PubMed, SCOPUS, and Web Of Science databases following Preferred
Reporting Items for Systematic Reviews and Meta-analyses guidelines using the PICOS strategy.
Results: Six studies meeting inclusion criteria analyzing physical (i.e., total distances, distances
at different speeds, high-intensity and short-term actions, change of directions, etc.) and physio-
logical (heart rate (HR), time spent at different zones of maximum HR, etc.) responses. Findings
revealed that para-footballers with CP and minimal impairment impact covered greater total and
distance above 23.04 km-h~! and achieved higher maximum speeds during match-play. Notably,
no significant differences in physiological responses were observed based on classification. Con-
clusions: The research suggests that para-footballers with CP and lower physical impairment may
exhibit enhanced performance in terms of distance covered and speed during gameplay, highlighting
their potential competence in the sport. In addition, the limited number of studies examining the
physiological response of para-footballers prevents conclusive results and differentiating between
classification groups.

Keywords: para-sport; official matches; performance; exercise; impairment

1. Introduction

Football (soccer) for people with cerebral palsy (CP) is a para-sport regulated globally
by the International Federation of Cerebral Palsy Football (IFCPF). It is a discipline practiced
by football players with central neurological injuries such as CP, head trauma, or stroke [1].
The institution which establishes the rules of the game is the Fédération Internationale
de Football Association (FIFA), but the IFCPF has included some modifications such as,
the match lasts two equal periods of 30 min separated by a half-time of 15 min, the field
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dimensions are reduced to 70 m x 50 m with 2 x 5 m goals, the offside rule does not apply,
and throw-ins are put into play by rolling the ball on the ground [1].

Classification of athletes in para-sports, particularly in CP football, is a key action that
aims to promote the participation of all players by minimizing the impact of their physical
disabilities on the outcome of the competition by establishing sports classes [2—4]. These
sport classes were called C5, C6, C7, and C8 in the first classification system [5] and later
FT5 (usually diplegic), FT6 (usually ataxia or athetosis), FI7 (usually hemiplegic), and
FT8 (minimal impairment). The new classification system developed by IFCPF, based on
scientific knowledge published to date [6,7], reduces the classes to three profiles (FT1, FT2,
and FT3), providing a new setup for competition and including a new minimum disability
criterion and new assessment methods. The new structure of sports classes for players
with CP is organized as follows: (1) based on the level of the impairment impacting on
sport-specific football skills (FT1 = severe impairment; FI2 = moderate impairment, or
FT3 = minimal impairment), and (2) the type of disability and/or affected limbs, i.e., (A)
bilateral spasticity (spastic diplegia), (B) athetosis/dystonia (dyskinesia or ataxia), or (C)
unilateral spasticity (spastic hemiplegia) [1]. The goal of this system is to address the issue
of “cut-off points”, i.e., when the classifiers must decide if a para-footballer has a moderate
or mild form of spastic diplegia, athetosis/ataxia or spastic hemiplegia, in contrast with
mild forms of these types of disability [8]. During the classification process, medical
professionals or physiotherapists carry out the physical evaluation through a battery test to
determine the degree of spastic hypertonia, dyskinesia and/or ataxia. In addition, sport
technical classifiers perform the technical evaluation through tests to assess basic physical
skills (coordination, balance, agility, strength, power, speed) and football-related skills from
the individual point of view (ball kicks, passes, and shots, dribbles and controls, and the
goalkeeper’s technique) and collective (in reduced games) to assign a sport class [1].

Over the last decade, there has been a considerable increase in the number of football
players with CP, as well as the number of events organized at the regional, national, and
international levels. Currently, 88 countries worldwide actively participate in CP football.
Additionally, there are 93 male teams (compared to 84 in 2020) and 94 female teams
(compared to 28 in 2020), according to data Worldwide Participation of IFCPFE. The rise
of this para-sport has also been reflected in the scientific context, with a large increase in
publications on football with CP [8-10]. Research into CP football has extensively explored
various aspects, including specifying the anthropometric and performance characteristics
of the players [11], assessing physical performance through functional tests [10,12-15],
and assessing the validity and reliability of different tests [6,16,17]. Specifically, it has
been shown that football players with CP exhibit lower distances covered (total, high
intensity, and sprint distance) than non-disability players [18] in match-play. However,
they covered a greater total distance (4%), more distance walking (38%), and more distance
in medium-intensity running (5%), and maintained a similar maximum velocity (0.4%) to
conventional F7 players [19]. Additionally, significant differences have been found between
match demands and small-sided game demands (2vs2+Goalkeeper, pitch size 27 x 19 m)
in football players with CP [20]. Understanding both the profiles of para-footballers
with CP and the specifics of relevant tests is essential. Additionally, knowledge of their
responses during match-play is crucial for effective training planning. The availability of
this information would not only aid classifiers in making informed decisions during the
classification process but also assist coaches in optimizing training for competitions.

Based on the aforementioned information, the main aim of this systematic review was
to summarize the physical and physiological responses encountered by para-footballers
with CP during the competition according to sport classes.
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2. Materials and Methods

This systematic review was carried out according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) adapted to the guidelines for conducting
systematic reviews in Sports Sciences [21]. Due to the specific requirements in each area
of knowledge, some modifications to the PRISMA declaration are necessary [22,23] to
improve the quality of the main findings. In this study, a review of the scientific literature
was carried out to analyze the physical and physiological responses of para-footballer
players with CP during competition.

2.1. Search Strategy

The search and selection process for this systematic review was carried out through
three specialized electronic databases in the field of Physical Activity and Sport Sciences:
PubMed, SCOPUS, and Web Of Science. All records found were exported in a comma-
separated values (CSV) format to a Microsoft® Excel document and in Research Infor-
mation Systems (RIS) formats (PubMed and Web of Science), and directly (SCOPUS) to
MENDELEY, the bibliographic manager used in this review. Keywords and their synonyms

Za i

(“football”, “soccer”, “para-football”, “football-7-a-side”, “match”, “competition”, “per-
formance”, “activity”, “cerebral palsy “ and “cerebral paralysis”) were entered in various
combinations using boolean operators, selected using the PICOS search strategy (i.e., Popu-
lation, Intervention, Comparator, Outcomes, Study design). Additionally, the bibliography
(references) section of the selected articles was manually reviewed to detect potentially eligi-
ble articles not captured by the electronic searches. The final search strategy was carried out
using the following combination of terms: (“football*” OR “soccer” OR “para-football*” OR
“football-7-a-side”) AND (“match” OR “ competition” OR “performance” OR “activity”)
AND (“cerebral palsy” OR “cerebral paralysis”).

A time restriction between 2000 and 2023 was established for the selection of studies.
This search process was carried out independently by two authors (S.A.-H. and A.R.-E),
and in cases that generated discrepancies, a third author (D.C.) was consulted. The search
was carried out on 31 January 2023.

The results obtained in the different databases were exported in a CSV sheet for
later analysis in Microsoft® Excel (Microsoft Corporation, Readmon, WA, USA), where
the articles were classified by title, author/s, date of publication, and database. This
classification made it possible to detect duplicate/triplicate records (n = 45). A review of
the title, abstract, and list of references for each of the studies was carried out to filter them
and detect potentially relevant articles to include in the review. Subsequently, the complete
versions of the included articles were reviewed to detect those that met the inclusion
criteria established according to the PICOS strategy (Population: para-footballers with
cerebral palsy; Intervention: data registered during an official match; Outcome: measures
of physical and physiological responses; study design: an observational and descriptive
design) (Table 1). Additionally, those studies that were not written in English, as well as
conferences, abstracts, letters to the editor, errata, narrative reviews, systematic reviews,
and meta-analyses, were excluded from our review.

Table 1. Description of the inclusion and exclusion criteria according to the PICOS search strategy.

PICOS Inclusion Criteria Exclusion Criteria
Population Para-footballers with cerebral palsy pzﬁs—iill:gsvgihst;teies?g;; ! t};?ilrslysc??cir
Intervention Data during an official match Data during simulated match or small sided games
Comparator - -
Outcome Measures of physical and physiological responses Another nature responses
Study design An observational and descriptive design -

195



Appl. Sci. 2024, 14, 3812

The following data was extracted from the selected studies: (a) author(s) and year
of publication; (b) number of participants; (c) sex; (d) age; (e) number of observations;
(f) competition; (g) sport class. In addition, the following variables were recorded for
locomotor responses: total distance covered and distance covered at different intensity
ranges in absolute and relative values, maximum speed reached, accelerations, decelera-
tions, changes of direction, player load, and metabolic power. The following variables were
used for physiological responses: average heart rate (HRm), maximum heart rate (HRmax),
and time spent in different intensity ranges relative to HRmax.

2.2. Quality Assessment

The methodological quality assessment of the studies was determined following the
indications of Palucci Vieira et al. [24] and was adapted from previous studies [25,26] on
sport physical performance and data collection during soccer matches involving foot-
ball players without disabilities (Table 2). The nine questions were: Q1 = Study ob-
jective(s) is/are clearly set out (Yes = 2; Maybe = 1; No = 0); Q2 = Demographic data
(no information = 0 point; only age/age group was informed = 1 point; maturity offset
also measured = 2 points); Q3 = Game rules (0-1 item described = 0 point; 2-3 items
described = 1 point; 4-5 items described = 2 points; items: match duration, field size,
players a-side, match type, whether rolling substitute policy was adopted); Q4 = Reliabil-
ity /validity of the time-motion system/equipment is not stated, mentioned (i.e., a citation
of previous studies) or measured under local conditions where data collections took place
(Measured = 2; Mentioned = 1; No stated = 0); Q5 = Dependent variables defined (Yes = 2;
Maybe = 1; No = 0); Q6 = Duration of players recordings/inclusion criteria is clearly in-
dicated (Yes = 2; Maybe = 1; No = 0); Q7 = Statistics are appropriate (Yes = 2; Maybe = 1;
No = 0); Q8 = Results are detailed (description of mean, standard deviation and null
hypothesis significance test [p-value] = 1 point; also included effect size/magnitude-based
inferences = 2 points); Q9 = Conclusions are insightful, clear, practical applications, and
future directions (Yes = 2; Maybe = 1; No = 0). Subsequently, a sum of the points obtained
in each question for each study was made, varying the rating between 0 (minimum points)
and 18 (maximum points). Finally, the results obtained were converted into a percentage
(0% minimum and 100% maximum). Studies were considered to have a high level of bias
when they did not achieve a score > 75% [24].
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3. Results

Figure 1 shows the study identification and selection process. A total of 167 studies
were identified in an initial search of PubMed (n = 38), SCOPUS (n = 64), and Web of
Science (n = 65) databases. It was found that there were 45 duplicate (or triplicate) records.
Thus, the search decreased to 90 results. After reading abstracts, 71 records were excluded
because they were articles in which footballers with CP did not participate, did not analyze
match-play responses (physical or physiological), or did not fit the topic. Afterwards, a
detailed reading of the 19 resulting studies was made, with 10 of them excluded because
they were articles written in other languages (Portuguese and Korean). They did not
analyze physical or physiological responses during match-play, or they analyzed these
variables in training sessions or assessed functional tests. Therefore, a total of 81 records
were excluded, and finally, 6 of these studies were included in the systematic review.

PubMed SCOPUS Web Of Science

s (n=38) (n=64) (n=65)

®

g | |

E

= 3 Duplicate records

(n=45)
v
Articles after duplicates/triplicates
removed (n = 90)

g

‘e Articles excluded by inclusion/exclusion criteria (n = 81)

g 3 - 44 records did not fit the topic.

A - 13 records whose sample did not footballers with CP.
- 22 studies did not analyze measures of physical and
physiological responses in official matches.

- 2 studies not written in English or Spanish.

F Articles excluded by other reasons (n = 3)

3 e —— - 2 studies analyzed the results without differentiating the

& sport classes.

e - 1 study divided the sample according to the time played.

- v

S

% Articles included in the systematic review

£ (n=6)

Figure 1. Diagram flow of the review.

The results of methodological quality and risk of bias in the studies included in the
review are shown in Table 1; the mean score is 73.5 £ 3.7%. The highest value, 77.8%, was
reported in two studies [30,31], while 66.6% of the studies reached a methodological quality
of 72.2% (n = 4) [27-29,32].

All the studies fit the inclusion and exclusion criterion analyzing physical respo-
nses [27-32], but only one the physiological responses [27]. Three studies attended to the
new classification FT1 to FT3 [28-30] and three to the old classifications C5/6, C7 to C8 [27],
and FT5/6 to FT8 [29,31]. The number of participants in the studies analyzed was 488, of
whom 4 belonged to C5/6, 29 to C7, 7 to C8, 9 to FT5/6, 32 to FI7, 7 to FT8, 64 to FT1, 238 to
FT2, and 56 to FT3; of the remaining 42, it is not known how many correspond to each FT,
since the authors determine and quantify the sample (8 from FT5, 3 from FT6, 42 from FT7,
and 9 from FT8) by the total number of individual observations, n = 62 [32]. Four studies
determined the sex of the sample (all male) and only two did not determine it [27,28,30,31],
but they were men observing the city and the year of the competitions.

Tables 3 and 4 shows the total and distance covered at different speed ranges by
players with PC during match-play, expressed in absolute and relative terms, respectively.
The speed ranges to classify the distance covered were diverse: between 17.64-23.04
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km-h~1, above 23.04 km-h~! [27], between 0.6-6 km-h~1, 6-12 km-h~!, 12-18 km-h~!, 18-
21 km-h~1, 21-24 km-h 1, above 24 km-h~! [28], below 0.4 km/h, between 0.4-3 km-h~ 1,

3-9km-h™1,9-13 km-h~1 [29,30,32], 13-18 km-h !, and above 18 km-h~! [29,30,32].

Table 3. Results for measures of total and distance covered at different speed ranges extracted from

literature research of studies on para-footballers with cerebral palsy.

. Boyd
Variables SC etal. [27]
C5/6 5642 + 674
. Cc7 5532 + 814
Total distance (m) c8 6343 + 551
TOTAL 5839 + 668
C5/6 13+2
Distance between Cc7 13+£2
17.64-23.04 km/h (m) C8 12+2
TOTAL 13+2
C5/6 12+4
Distance Cc7 12+4
>23.04 km/h (m) C8 15+4
TOTAL 13+4
C8>C7 and C5/6.

p < 0.05 between sport
classes for CP-Football

- Total distance.
- Distance covered > 23.04 km/h.

No differences were observed
between FT5/6 and FT7 classes.

Note: SC = sport class.

Table 4. Results for measures of total and distance covered at different speed ranges extracted from

the literature research of studies on para-footballers with cerebral palsy.

Variables sC Gamonales Henriquez Reina Reina Yanci
et al. [28] et al. [29] et al. [30] et al. [31] et al. [32]
FT5/6 - - - - 93.12 £ 18.02
FI7 - - - - 92.88 +12.49
FT8 - - - - 91.57 £ 14.48
76.81 £11.55%
TOTAL - 92.06 + 12.47 b 84.51 £+ 16.50 - 92.63 £ 13.54
Total distance 84.43 +14.20 ¢
(m/min) a
FT1 60.55 + 23.62 22(3)2 i };:132 b 81.26 4+ 15.35 - -
a
FT2 84.24 +£17.27 ;ggg i E(l)g b 85.23 £17.05 - -
a
FT3 106.42 £+ 9.59 ;g(z)} :it ﬁgi b 84.75 £5.13 - -
FT5/6 - - - - 1.17 + 0.64
FT7 - - - - 1.10 £ 0.76
FT8 - - - - 1.08 +0.19
256 +1.052
TOTAL - 1.23 +0.58 P 2.68 £1.21 - 1.11 +0.68
Distance 1.89 +1.08¢
<0.4 km/h (m/min) a
FT1 ; ig i é:ggb 2.03 + 0.85 - -
254+111%2
FT2 - 1.09 &+ 0.43b 1.69 £ 0.99 - -
a
FT3 - i?l) i 82; b 178 £ 1.11 - -
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Table 4. Cont.

Variables sC Gamonales Henriquez Reina Reina Yanci
et al. [28] et al. [29] et al. [30] et al. [31] et al. [32]
FI5/6 - - - - 947 + 3.10
FT7 - - - - 8.32 + 5.66
FT8 - - - - 6.73 +2.33
11.74 £3.734
TOTAL - 7.89 4+ 2720 10.16 £ 5.03 - 8.30 4 4.93
Distance between 981 +3.78¢
0.4-3 km/h (m/min a
( ) FT1 - 191.6755:3222.98701’ 12.21 £ 8.32 - -
a
F12 - 171 .1996::|:t14.9201b 992 +4.11 - -
a
FT3 - 1;4837;‘:4206961’ 9.10 + 3.54 - -
Distance between Ilg; i?g? i gﬁ : : : :
06-6 km/h (m/min) g, 39.80 + 5.08 . - - -
FT5/6 - - - - 40.26 4+ 4.39
FT7 - - - - 40.15 + 5.15
FT8 - - - - 39.23 4+ 4.45
38.30 £ 6.742
TOTAL - 4411 £ 5.67° 42.33 4+ 8.52 - 40.02 4+ 4.84
Distance between 4120 + 6.84 ¢
3-9 km/h (m/min a
( ) FT1 - zg?; ::IE 233 b 39.45 +9.14 - -
a
F12 - Zigg ::E ggg b 42.54 + 8.17 - -
a
FT3 - 34%32581170 657913 44.40 £+ 8.78 - -
Distance between £¥§ ;S;ﬁ i 1(2)22 : : : :
6-12km/h (m/min) = pry 36.50 + 4.43 - - - -
FT5/6 - - - - 27.28 +11.59
FT7 - - - - 28.40 4+ 9.08
FT8 - - - - 26.30 £ 7.28
14.68 = 5.36 2
TOTAL - 2211+ 6.90P 19.38 + 25.45 - 27.87 £ 9.18
Distance between 1839 + 7.19°¢
9-13 km/h (m/min a
o/min) - BB oy - -
a
F12 - ;g;g i zgg b 20.33 4 30.42 - -
a
FT3 - 552?7) ::E ;A;Zb 1747 £+ 6.26 - -
Distance between E?; 156208156;9558 : : : :
12-18 km/h (m/min) FT3 23'49 1 6.26 ) ) _ .
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Table 4. Cont.

Variables sC Gamonales Henriquez Reina Reina Yanci
et al. [28] et al. [29] et al. [30] et al. [31] et al. [32]
FT5/6 - - - 11.34 4+ 5.07 12.21 +5.76
FT7 - - - 11.62 +4.53 11.64 +4.18
FT8 - - - 13.70 = 5.35 13.71 +4.95
728 £4.11°2
TOTAL - 12.89 +5.10 b 9.47 + 5.46 11.87 £4.71 12.00 4= 4.52
Distance between 1023 +5.32 ¢
13-18 km/h (m/min) 642 +379a
FT1 - 937 + 474 b 8.08 + 4.97 - -
8.52 +4.232
FT2 - 1455 + 474D 9.81 £ 5.59 - -
5.24 +2972
FT3 - 10.82 & 438 b 9.45 4+ 5.30 - -
FT5/6 - - - 2.65 + 2.09 2.73 £2.09
FT7 - - - 3.23 + 1.60 3.20 +1.63
FT8 - - - 497 +£2.97 4.53 £+ 3.01
2.05+1.62°
TOTAL - 396 +2.69P 3.05 +2.79 3.38 +2.01 3.27 +1.96
Distance 3.01 +241°¢
>18 km/h (m/min) 142 + 0952
FT1 - 244 +194b 2.04 4+ 2.09 - -
240 +1.682
FT2 - 454+ 287b 3.18 £2.82 - -
1.39 £1.672
FT3 - 355+ 217b 3.56 + 3.11 - -
. FT1 0.96 +1.76 - - - -
18?;;1“3}?’”?“"/‘3“? , 12 3.85 + 3.60 - - - -
S i 9.87 + 3.65 - - - -
. FT1 0.06 +0.18 - - - -
21]3;;1“@/}1:?“’/‘*“.‘ ,  FT2 0.54 £ 0.76 - - - -
AR/ prs 179+ 1.14 - - - -
Distance FT1 0.00 £ 0.00 - - - -
. FT2 0.11 + 0.25 - - - -
>24km/h (m/min) - pry 0.32 £ 0.23 - - - -
FT3 > FT2 > FT1. FT1>FT3 =FTI2in
- Total distance. distance covered
- Distance covered between FT8 >
between 12-18, 18-21, Does not 0.4-3 km/h. FTI5/6 in
and 21-24 km/h. analyze the distance
significant FT3 =FI2>FT1lin covered No
FI3 =FT2>FT1 in differences distance covered >18 km/h. .
: differences
distance covered between >18 km/h.
p < 0.05 between sport were
>24 km/h. CP-Football No
classes for CP-Football . . . observed
classes without FT3 > FT1 in differences between ot
FT3 > FT2 in distance taking into distance covered were ¢ chEsesspO
covered bet-ween account the between 3-9 km/h. observed )
6-12 km/h. place of the between
competition. No differences FT8 and FT7
FT2 > FT1 in distance were observed classes.
covered bet-ween between FT2 and
6-12 km/h. FT3 classes.

Note: SC = sport class; * = moderate altitude group; ? = sea level group; © = overall sample.

Maximum speed variables are shown in Tables 5 and 6, respectively. Table 6 also
shows accelerations, decelerations, impacts, and change directions (COD) values (total and
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in different ranges of intensity), as well as player load and metabolic power, all expressed

in relative terms.

Table 5. Results for measures of maximal speed extracted from literature research of studies on

para-footballers with cerebral palsy.

. Boyd Henriquez Reina Reina Yanci
Variables SC et al. [27] et al. [29] et al. [30] et al. [31] et al. [32]
FT5/6 24.23 £ 1.58 - - 21.86 £ 2.04 21.79 £1.92
FT7 25.09 +2.02 - - 22.94 +1.90 22.81 +2.41
FT8 27.86 +£1.22 - - 24.41 +1.83 23.96 + 2.12
21.96 £2.622
TOTAL 25.74 +1.62 2322 +241P 22.58 +3.18 2295 +2.01 22.81 +2.34
Maximal speed 72259 + 2.58°¢
(km-h~1) 20.89 +2.37 2
FT1 - 2236 1+ 2665 21.28 £2.86 - -
2252 +2.062
FT2 - 23.46 1 233 b 22.74 £ 3.05 - -
2094 +4.162
FT3 - 23.36 4 2.51 b 23.22 £3.75 - -
FI8 > FI5/6 Does not analvze the FI3 =FI2>FT1 FT8 > FT7 and
and FT7 in [0t anaty in maximal FT5/6 in No
maximal speed significant speed maximal speed differences
PEEe Gifferences between peed. peed.
p < 0.05 between sport classes CP-Football classes were
for CP-Football No differences . .. No differences No differences observed
without taking into
were observed account the place of were observed were observed between sport
between FT5/6 the com e}t)i tion between FT2 between FT7 and classes.
and FT7 classes. p ' and FT3 classes. FT5/6 classes.
Note: SC = sport class; * = moderate altitude group; ® = sea level group; © = overall sample.
Table 6. Results for measures of accelerations, decelerations, player load, metabolic power, change
of directions (COD), and impacts per minute, extracted from literature research of studies on para-
footballers with cerebral palsy.
. Gamonales Henriquez Reina Reina Yanci
Variables S¢ et al. [28] et al. [29] et al. [30] etal. [31] etal. [32]
TOTAL - 5.07 4+ 0.99 - -
FT1 - - 4.87 £0.93 - -
11
Mean speed (kmh™)  ppy - - 5.12 + 1.02 - -
FT3 - - 5.09 + 0.91 - -
Total lerati FT1 11.75 +5.26 - - - -
o (acfe ?r"; S iy 1391 +2.93 - - - -
/i FT3 14.93 £2.29 - - - -
Accelerations FT1 9.63 £+ 4.20 - - - -
1to2m-seg 2 FT2 10.47 +2.08 - - - -
(n/min) FT3 10.77 £ 1.74 - - - -
FT5/6 - - - 1.08 4+ 0.60 1.15 £ 0.64
FT7 - - - 0.88 +0.33 0.98 4+ 0.52
FT8 - - - 1.29 +0.83 1.34 +£0.79
543 +1.572
Accelerations TOTAL - 72141420 5.55 + 3.81 0.98 £ 0.50 1.06 £+ 0.58
1to02.78 rn-seg’2 gig i }Zi:
(n/min) _ : : _ _
FT1 638 +137b 4.82 +2.78
5.63 +1.722
FT2 - 754 1 140D 5.78 £ 4.14 - -
464 +1.134
FT3 - 693 + 1.16° 5.29 +3.11 - -
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Table 6. Cont.

Variables sC Gamonales Henriquez Reina Reina Yanci
et al. [28] et al. [29] et al. [30] et al. [31] et al. [32]
Accelerations FT1 1.67 £0.97 - - - -
2to 3 m-seg 2 FT2 2.46 £+ 0.85 - - - -
(n/min) FT3 2.67 +0.80 - - - -
FT5/6 - - - 0.03 + 0.03 0.03 + 0.04
FT7 - - - 0.06 + 0.05 0.07 + 0.06
FT8 - - - 0.15 + 0.1 0.14 +0.10
1.09 +0.382
Accelerations TOTAL - 1.32+£039%  1.08 +0.66 0.07 + 0.07 0.07 + 0.07
>2.78 m-seg—z 1.20+£040°¢
. a
(n/min) FT1 - g:gg i 8:38 b 087 +0.64 - -
a
FT2 . e i agb  109%059 - -
a
FT3 - }_'gs i gj’g b 1.26 +0.90 - -
Accelerations FT1 0.36 + 0.29 - - - -
3 to 4 m-seg 2 FT2 0.77 £ 0.43 - - - -
(n/min) FT3 1.12 £ 0.36 - - - -
Accelerations FT1 0.08 + 0.11 - - - -
4 to 100 m-seg 2 FT2 0.21 +0.15 - - - -
(n/min) FT3 0.38 +0.10 - - - -
TOTAL - - - - -
Total decelerations FT1 10.28 £5.29 - - - -
(n/min) FT2 12.14 +2.83 - - - -
FT3 11.97 +2.13 - - - -
Decelerations FT1 8.58 + 4.35 - - - -
—1to —2 m-seg > FT2 9.39 +2.01 - - - -
(n/min) FT3 8.44 + 1.50 - - - -
FT5/6 - - - 0.86 +0.28 0.95 + 0.36
FT7 - - - 0.89 +0.32 0.99 + 0.44
FT8 - - - 1.37 +0.71 1.36 4 0.65
42041262
Decelerations TOTAL - 577 +122°  449+3.15 0.95 + 0.42 1.03 + 0.47
—1to —2.78 m-seg_2 499 & 1-46:
(n/min) FT1 - gfﬁ i g’:gg b 3.89+238 - -
a
FT2 - 2_'33 i }:ggb 4.69 + 3.44 - -
a
FT3 - géi i ?Zf b 4244233 - -
Decelerations FT1 1.30 £ 0.80 - - - -
—2to —3 m-seg > FT2 1.91 4 0.75 - - - -
(n/min) FT3 2.36 + 0.62 - - - -
FT5/6 - - - 0.05 + 0.03 0.08 £ 0.11
FT7 - - - 0.12 +0.08 0.13 + 0.09
FT8 - - - 0.14 + 0.09 0.15 + 0.09
0.74 £0.30 2
Decelerations TOTAL - 0.96 +0.35° 076 +0.72 0.11 + 0.08 0.12 + 0.09
>_2.78 m-seg*Z 0.85+0.35¢
. a
(n/min) FT1 - 8:25 i gﬁ b 0554042 - -
a
FT2 . g"gg i 82; 0804081 . -
a
FT3 - 8:;; i 8:22 b 0794054 - -
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Table 6. Cont.

Variables sC Gamonales Henriquez Reina Reina Yanci
et al. [28] et al. [29] et al. [30] et al. [31] et al. [32]
Decelerations FT1 0.30 £ 0.22 - - - -
—3to —4 m-seg > FT2 0.60 & 0.33 - - - -
(1/min) FT3 0.85 4 0.18 - - - -
Decelerations FT1 0.11 £ 0.10 - - - -
—4to —100 m-seg 2 FT2 0.25 + 0.14 - - - -
(n/min) FT3 0.32 4 0.15 - - - -
FT5/6 - - - 10.86 + 1.83 10.76 + 2.02
FT7 - - - 10.39 + 2.57 10.55 + 2.39
Plaver load FT8 - - - 10.46 + 1.43 10.55 + 1.35
( Aa%’f; oa ) TOTAL - - 9.85 +2.26 10.49 +£2.28 10.56 +2.19
o/ FT1 - - 10.05 + 1.77 - -
FT2 - - 9.87 4 2.40 - -
FT3 - - 9.53 + 2.10 - -
FT5/6 - - - 106.91 + 47.25 106.74 4 42.43
Metabolic Power FT7 - - - 117.84 + 3631 114.64 + 35.75
(W /min) FT8 - - - 113.51 + 37.48 108.57 + 37.41
TOTAL - - - 115.16 + 38.04 113.21 4 36.94
FT5/6 - - - - 0.50 =+ 0.14
Low-intensity COD FT7 - - - - 0.69 +0.43
forward (n/min) FT8 - - - - 046 +0.13
TOTAL - - - - 0.62 + 0.38
FT5/6 - - - - 0.77 + 0.39
Low-intensity COD FT7 - - - - 1.03 £ 0.41
backward (1/min) FT8 - - - - 0.67 £ 0.29
TOTAL - - - - 0.94 + 0.41
FT5/6 - - - - 3.87 + 3.84
Low-intensity COD FT7 - - - - 2.38 £ 0.83
left (1/min) FT8 - - - - 2.08 + 0.55
TOTAL - - - - 2.64 + 1.82
FT5/6 - - - - 3.35 + 3.14
Low-intensity COD FT7 - - - - 3.354+1.37
right (n/min) FT8 - - - - 2.81+0.77
TOTAL - - - - 3.27 +1.73
. . FT5/6 - - - - 0.11 4+ 0.09
Vedimointensity 1y - - - - 0.18 + 0.11
" sl ;‘r FT8 - - - - 0.18 % 0.07
i TOTAL - - - - 0.17 £0.10
o . FT5/6 - - - - 0.26 + 0.16
Medmntensity 1y - - - - 035 + 0.17
( /ac. )ar FT8 - - - - 037 +0.13
/mn TOTAL - - - - 0.34+0.17
FT5/6 - - - - 0.48 + 0.30
Medium-intensity FT7 - - - - 0.40 £0.23
COD left (11/min) FT8 - - - - 0.39 + 0.15
TOTAL - - - - 0.42 + 0.24
FT5/6 - - - - 0.48 + 0.35
Medium-intensity FT7 - - - - 0.53 £0.24
COD right (n/min) FT8 - - - - 0.52 £ 0.21
TOTAL - - - - 0.52 + 0.26
FT5/6 - - - - 0.08 =+ 0.09
High-intensity COD ~ FT7 - - - - 0.08 + 0.06
forward (1/min) FT8 - - - - 0.11 £ 0.06
TOTAL - - - - 0.09 + 0.07
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Table 6. Cont.

Variables sC Gamonales Henriquez Reina Reina Yanci
et al. [28] et al. [29] et al. [30] et al. [31] et al. [32]
FT5/6 - - - - 0.17 +£0.17
High-intensity COD FT7 - - - - 0.13 = 0.09
backward (n/min) FT8 - - - - 0.17 £ 0.14
TOTAL - - - - 0.14 £ 0.11
FT5/6 - - - - 0.11 £ 0.09
High-intensity COD FT7 - - - - 0.12 +0.12
left (n/min) FT8 - - - - 0.08 + 0.07
TOTAL - - - - 0.11 £ 0.11
FT5/6 - - - - 0.11 +0.10
High-intensity COD FT7 - - - - 0.13 £ 0.09
right (n/min) FT8 - - - - 0.17 £ 0.08
TOTAL - - - - 0.13 4+ 0.09
FT1 45.45 +40.24 - - - -
Total impacts (1/min) FT2 76.75 4+ 39.22 - - - -
FT3 94.95 4 45.77 - - - -
Impacts FT1 38.97 £ 34.81 - - - -
. FT2 69.35 + 34.21 - - - -
205G (n/min) FT3 83.10 & 42.36 - - - -
Impacts FT1 5.34 + 5.37 - - - -
. FT2 6.29 +5.91 - - - -
507G (n/min) FT3 10.15 + 3.68 - ; - -
Impacts FT1 0.67 + 0.58 - - - -
. FT2 0.65 £ 0.58 - - - -
7t08G (n/min) FT3 1.06 £ 0.12 - - - -
Impacts FT1 0.22 +0.19 - - - -
. FT2 0.25 +0.27 - - - -
809G (n/min) FT3 035 + 0.11 - - - -
Impacts FT1 0.11 £ 0.12 - - - -
. FT2 0.11 +0.12 - - - -
9t010G (n/min)  ppg 0.12 + 0.04 - ; ; ;
Impacts FT1 0.13 £0.12 - - - -
. FT2 0.11 + 0.09 - - - -
10 to 100 G (1/min) FT3 017 + 0.09 ; ) ; }
FT3 > FT2 > FT1.
-Accelerations 2 t923 Does not .FT3 > FT1 FT8 > FT7 and FT8 > FTZ
and 3 to 4 m-seg™~. analyze the in accelera- FT5/6 and FT5/6 in
b —t]?:celeiaéli)ni 3 significant :;;Z - Accelerations >azc;6éler;fnt10rlsz
chweelt © differences ) >2.78 m-seg 2. Sonseg
and —3 to —4 m-seg” <. -
m-seg2 between - Decelerations —1 FT5/6 > FT8
p < 0.05 between sport ' CP-Football to —2.78 m-seg 2. .
lasses for CP-Football classes No and FT7in
¢ FT3 =FT2 > FT1. without differences low-intensity
—Acceleratlonle to taking into were No differences COD to the left.
100 m-seg . account the observed were observed
-Decelerations —1 to between FTI7 > FT8 in
2 place of the between FT7 and ; .
—100 m-seg™~. competition FT2 and FT5/6 classes low-intensity
-Total impacts. P ’ FT3 classes. ’ COD backward.
-Impacts 2to 5 G.

Note: SC = sport class; n = number; COD = change of direction; A.U. = Arbitrary units; * = moderate altitude
group; = sea level group; © = overall sample.

Finally, Table 7 shows the physiological responses recorded by the players with CP
during the competition.
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Table 7. Results for measures of physiological responses extracted from literature research of studies
on para-footballers with cerebral palsy.

. Boyd
Variables SC etal. [27]
C5/6 196 + 18
. Cc7 194 + 11
Maximum heart rate (bpm) cs 200 + 6
TOTAL 197 +12
C5/6 161 £2021157 £ 1921153 +19¢1158 + 184
b d
Average heart rate (bpm) Cc7 164 +£ 1421166 + 13b 1159 + 14 1160 + 13
Cs8 170 £ 521171 £ 7P 1168 £ 71169 + 10
TOTAL 165+ 1321165 + 1321160 £ 13¢1162 + 14 ¢
) . C5/6 352145P|56¢18.04
T 75% M
ime < 75% Maximum 7 233181361274
HR (min)
C8 1.02116P11.9¢1294d
. o C5/6 4421471501394
Time between 75-85% c7 603160°168¢1744
Maximum HR (min) b d
Cs 39214.0°15.0¢13.7
a b c d
Time > 85% Maximum C5/6 7.1215.8 ; 14.4¢13.3 ‘
. C7 6621710144148
HR (min) b d
Cs 104219.4%18.0¢19.0

No differences were observed between sport
classes for maximum or mean HR.
p < 0.05 between sport classes for CP-Football ~ C8 > C7 and C5/6 in time spent > 85% Max HR.

No differences were observed between C5/6
and C7 classes.

Note: SC = sport class; * = between 0-15 min of the match; b = between 16-30 min of the match; ¢ = between
31-45 min of the match; ¢ = between 46-60 min of the match.

4. Discussion

Analyzing match responses in footballers with CP has a two-fold purpose. On the
one hand, coaches and strength and conditional coaches can design training drills that
allow replicable competitive situations, under-stimulated or over-stimulated; and on the
other hand, help classifiers to make decisions when assigning a player to a certain sport
class. Therefore, the aim of this systematic review was to summarize the physical and
physiological responses encountered by para-footballers with CP during the competition
according to sport classes. To our knowledge, this is the first review that analyzes these
locomotor and physiological responses in CP players during official matches. The main
results showed that players with less physical impairment cover greater total and distance
at high speeds, perform greater high-intensity acceleration and deceleration per minute,
and achieve greater maximal speed. However, the physiological responses do not seem to
be influenced by the sport class assigned.

To gain a comprehensive understanding of the responses of football PC and to opti-
mize performance, it is necessary to consider not only locomotor responses but also the
physiological responses of players during match-play [33]. Only one study included in
this review analyzes the HR, dividing the sample by sport classes [27]. In the selected
study, maximum HR values range from 200 + 6 to 196 & 18 bpm, and average heart
rate values range from 153 £ 19 to 171 = 7 bpm. These values were obtained by the
sport classes with the least impairment (C8) and the maximum values obtained by other
studies which the sample is not divided are similar [34,35]: the values of maximum and
average heart rate have been shown 194 £ 13 and 154.4 & 22 bpm, respectively. This
similar physiological response during matches can be attributed to several factors. On
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one hand, it may be due to the great variability existing among players in terms of muscle
glycogen, free fatty acid levels, insulin levels, and so forth, during a game [36]. On the other
hand, it could be because CP players with less physical impairment have higher levels of
physical fitness [37]. Therefore, despite demonstrating higher physical performance (i.e.,
covering greater total distance and distance at high speeds), their physiological response
during matches is similar, as occurs in non-disabled soccer players [38]. However, the
relationship between physical fitness and match running performance was shown to be
playing position-dependent [39] and, therefore, more studies with CP players are necessary
to analyze this aspect.

Only one study included in the review analyzes the total distance covered in ab-
solute terms dividing the sample by sport classes [27]. This study indicates that total
distance covered was 6343 & 551 m, 5642 + 674 m, and 5532 + 814 m for classes C8,
C7, and C5/6, respectively [27]. The highest values of total distance covered in rela-
tive terms in para-footballers were 106.42 + 9.59 m-min—?}, 95.56 + 11.05 m-min—!, and
60.55 + 23.62 m-min ! for FT3, FT2, and FT1, respectively [28,29]. Therefore, the total dis-
tance covered seems to be related to the degree of physical impairment of footballers with
CP [27-29], as the para-footballers with minimal impairment are the ones who complete
the greatest total distance in absolute terms and per minute of play. Among the players
classified according to the previous classification system (C5/6-C8) there are significant
differences between sport classes regarding the total distance covered in absolute terms,
the same as occurs with the players classified according to the current system (FT1-FI3)
with respect to the total distance covered in relative terms. These differences between sport
classes could occur because C5/6, FI5/6, and FT1, regardless of the classification system
used, are the sport classes with the greatest physical impairments to move due to diplegic,
hemiplegia, ataxia, athetosis, dyskinesia or dystonia, unlike C8, FT8, and FI3, which are
the sport classes with the least physical impairment and the greatest locomotion capacity.

In relation to the distance covered in different speed ranges in absolute terms, only
one study included in this review analyzes these variables dividing the sample by sport
class [28]. The results showed that C8 players covered more distance above 23.04 km-h~1.
Considering the correlation between the distance covered at high speeds and the effective-
ness of attacking moves during the match [40], it appears that being able to go a greater
distance at these speeds helps players become more competent in-game. On the other hand,
an analysis of the distances covered at different speeds shows a disparity in the results ob-
tained in relative terms [41]. While some studies show a relationship between the distance
covered at high speeds and the degree of physical impairment of para-footballers [28],
others show no such results [29,31,32]. The establishment of arbitrary values for the speed
ranges may have influenced the results obtained by the different studies [42]. More stud-
ies are needed using individualized ranges in CP footballers, which allow us to obtain
a clearer vision of the activity levels of the players in all-time motion analysis studies
using GPS devices as occurs in conventional football [43]. To our knowledge, only the
study of Goh et al. [35] analyzed match responses in para-footballers using individualized
thresholds, i.e., below 25%, between 25 and 50%, between 50 and 70%, between 70 and
90%, and above 90% of maximum speed.

In addition to the relevance of recording the distance covered at high speeds, it is also
necessary to pay attention to the maximum speed achieved by the players, since one of the
most frequent actions preceded by goal situations in soccer is the sprint [44]. In the studies
included in this review, the maximum speed values were 27.86 £ 1.22 km-h~L. Previous
studies have indicated that as the level of physical impairment decrease (i.e., C8, FT8, or
FT3, depending on the classification system in force at the time of each investigation),
maximum speed values tend to be higher [27,30,31]. This variable in football is closely
associated with physical and locomotor performance [43,45]. Therefore, players with less
motor impairment are likely to generate force more efficiently and move at faster speeds.

The intermittent nature of PC football underscores the importance of short-term
high-intensity actions, such as accelerations, decelerations and change of direction [46,47].
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The intensity zones for the accelerations and decelerations are arbitrary and vary de-
pending on the authors. Different ranges have been proposed, including 1-2 m-s~2 [28],
1-2.78 m-s~2 [29-32], 2-3 m-s 2 [28], >2.78 m-s 2 [29-32], 34 and >4 m-s~2 [28]. Like
the distance covered in different speed zones, there should be unanimity in the scien-
tific community for the presentation of the results in the research studies that analyze
the intensity zones of the external load variables collected by GPS devices and facilitate
the understanding and comparison of the activity levels of athletes, as pointed out by
Malone et al. [48].

In the reviewed studies, it is observed that sports classes with lesser impairment
(FT3-FT2 and FT8-FT7) exhibit higher values of accelerations and decelerations compared
to FT1 and FT5/6 classes [28,30-32]. This trend can be attributed to greater neuromuscular
impairment, poorer coordination, and reduced functional capacity resulting from spasticity,
ataxia, athetosis, dyskinesia, or dystonia [6]. In addition, this difference is conditioned by
playing time, which significantly affects the external load of PC players since those who
play more minute’s (i.e., <20, 2040, and <40 min) experience a higher match load [18]. Ad-
ditionally, regarding Metabolic Power, Player Load, and change of direction, no significant
differences were observed between sport classes [30-32].

While the present review provides novel outcomes in physical and physiological
match-play load in CP footballers, the limitations of our findings should be acknowledged,
therefore, the results should be interpreted with caution. Firstly, studies included in this
systematic review are subject to different classification systems for para-footballers, which
has made it impossible to relate the variation in physical and physiological responses
during official matches from all the studies, according to the same sport classes. This
limitation can likely persist over time, considering that the classification process is dynamic
and subject to continuous and necessary changes to ensure competitive equality. Secondly,
it is difficult to establish a consensus regarding physical and physiological responses during
match-play, as the competitive levels included in this review are different. In this sense,
while some studies have reported data from national championships, others have focused
on international championships. Thirdly, only one study has analyzed the physiological
responses according to the sport classes of different classification systems. As such, it is
impossible to compare the results obtained. Fourth, the speed ranges and thresholds for
accelerations and decelerations vary among studies, making it challenging to compare
them. Lastly, given that all the studies are carried out in male competitions, and considering
that gender determines the physical responses of competition in conventional soccer [49],
and the participation of women football players with CP and the organization of different
events is becoming relevant, it would be necessary to analyze this aspect in future studies.
We acknowledge that subsequent to the completion of our review process, additional
relevant studies have been published. While our review was conducted up to 31 January
2023, we are aware of the inclusion of one additional study that was not part of our original
review [50] (online, ahead of print). Despite our efforts to capture all relevant literature
available at the time of our review, the dynamic nature of research in this field may result
in the emergence of new studies post-review.

Strength and conditions coaches, along with performance staff, working across para-
footballers with CP must know what the physical and physiological demands of match-play
are. Previous studies have analyzed competition demands based on different contextual
variables, such as moderate altitude [29], sport classes [32], simulated games [29], or even
in a 3-day national tournament [35]. However, to our knowledge, this is the first systematic
review to analyze the physical and physiological responses encountered by para-footballers
with CP during the competition, according to sport classes. This knowledge is essential
for adequately preparing athletes for competition and simulating competition situations
during training tasks.
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5. Conclusions

The main conclusions of this systematic review suggest that para-footballers with CP
and less physical impairment (i.e., current FI3 or FT8 in the previous classification system)
tend to cover a greater total distance, achieve higher maximum speeds, and cover more
distance above 23.04 km-h~! during match-play, indicating potentially greater competence
during a game. However, it is essential to interpret these findings with caution due to
the limited number of studies examining the physiological response of para-footballers.
Furthermore, players with an intermediate degree of impairment (i.e., current FT2 or FT7
in the previous classification system) demonstrate the highest relative values in specific
performance metrics such as accelerations from 1 to 2.78 m-s~2 and above 2.78 m-s~2,
decelerations from —1 to —2.78 m-s~2 and above 2.78 m-s~2, as well as greater peak
metabolic power suggesting unique strengths in certain aspects of play. Conversely, players
with severe physical impairment (FT'1 or FT5/6 in the previous classification system) exhibit
higher player load, which may reflect different physical demands. Despite these insights,
the conclusions are constrained by the scarcity of studies directly comparing physical and
physiological demands across classification groups. Therefore, while the findings provide
valuable insights into the performance characteristics of para-footballers with CP, further
research is needed to draw definitive conclusions and inform training and classification
strategies.
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