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1. Introduction

Research on the best athletic performance is undergoing a paradigm shift, character-
ized by a progressive decline in the age of specialization in numerous sports [1–4], while
providing the opportunity for accelerated skill acquisition. This trend also presents a
significant challenge for sports scientists, coaches, and physicians. The common belief
among coaches, parents, and young athletes is that early and year-round specialization in a
single sport can lead to elite performance and may also have a different influence on the
development of a specific skill that affects everyday life, such as manual dexterity [5,6].
However, a growing number of studies contradict this theory, suggesting that such a limited
approach may instead restrict children’s exposure to diverse sporting experiences, impair
the development of fundamental motor skills, and compromise the foundations for an
active lifestyle [7–9]. In addition, recent studies have suggested that early specialization
is associated with an increased risk of injury in various sports, for both boys and girls,
as well as burnout and dropping out [10,11]. The key principle underlying this Special
Issue is that young athletes represent a distinct population, not simply miniature adults.
Their biological and psychological landscape is defined by ongoing processes of growth,
maturation, and development, which profoundly influence their responses to training,
susceptibility to injury, and long-term athletic outcomes [12–14]. The evidence consistently
shows that the plastic neuromuscular system of a child or adolescent responds differently to
aerobic and anaerobic stimuli than that of mature athletes. There are periods of accelerated
adaptation, often conceptualized as “windows of opportunity” or sensitive periods, for
components such as speed, strength, and skill acquisition [14,15]. Furthermore, the imma-
ture skeletal system, with the presence of growth cartilage, is more vulnerable to overload
injuries, particularly under the repetitive high-load volumes typical of early specializa-
tion [16,17]. From a psychological perspective, the increasingly professionalized youth
sports environment can contribute to burnout and anxiety, necessitating approaches that
balance performance development with psychological well-being [18,19]. For these reasons,
increasingly original research is investigating training and assessment strategies designed
and adapted specifically for young athletes in different sports disciplines. For example, in
a sport such as volleyball, recent studies have shown that differential training can improve
technique and performance in the spike-jump, even in young athletes, highlighting the
importance of interventions targeted at the specific technical and biomechanical needs of
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athletes with specific characteristics [20]. This Special Issue has brought together contem-
porary approaches to the management of young athletes, with a focus on the adaptation
and specificity of methodologies, prioritizing the physiological and psychological demands
of this population. Thirteen original articles have been published, generally classified
into two key areas: training, which focuses on the application of specific interventions
to improve athletic performance in young athletes, and testing, which explores the tools
and methods used to assess physical abilities, monitor load, and validate new protocols in
youth populations.

2. An Overview of the Published Articles

Results from training interventions demonstrate the impact of structured sport-specific
training on young athletes, highlighting that specific programs can cause significant im-
provements in both physical and cognitive domains. Teteris et al. (Contribution 1) provide
a neurophysiological perspective, showing that a 12-week reaction training program can
enhance the choice reaction time in under-20 fencers. This is particularly relevant in sports
where split-second decisions are a key skill and underscores the trainability of cognitive
functions alongside physical skills during a crucial developmental period. On the other
hand, Vasilescu and colleagues (Contribution 2) provide a reproducible evidence-based
intervention tailored to the neuromotor development of children aged 10 to 12 years, de-
signed specifically to improve lower limb strength in junior combat sports, recognizing
that explosive strength is crucial for performing technical and decisive actions during
combat. The intervention also addresses the essential need for training to be tailored to be
effective. In basketball, three studies offer complementary insights. Amato et al. (Contri-
bution 3) compared core and mobility training in youth players, finding that both 8-week
interventions effectively improved the dynamic balance, overhead squat depth, and agility,
pointing to the specific neuromuscular benefits of such training. However, Sansone et al.
(Contribution 4) centered their research on another pivotal factor influencing basketball
performance: the pre-competition warm-up. The study entailed a detailed comparative
analysis of two distinct warm-up protocols administered to the same cohort of adolescent
basketball athletes, demonstrating that warm-ups incorporating small-sided games more
accurately replicate sport-specific match conditions. However, the findings also underscore
the necessity of monitoring the external load parameters and ensuring sufficient physiologi-
cal readiness within such protocols. This investigation thus yields practical evidence-based
guidance for optimizing warm-up strategies in 16-year-old basketball players. On a longer
timeline, Castro-Collado et al. (Contribution 5) demonstrated the holistic benefits of a struc-
tured school-based basketball program over 38 weeks. Their findings revealed not only
improved physical fitness (a 45% increase in aerobic capacity) but also positive changes in
body composition in prepubertal boys, advocating for such programs as a public health and
athletic development tool. The importance of specificity is further emphasized by Herbert
et al. (Contribution 6) in another team sport: handball. Their 11-week professional training
program for elite adolescent players led to significant gains in sport-specific defense and
offense times, with under 17 players also showing remarkable improvements in the VO2

peak, ball velocity, and jump height. This study powerfully argues that targeted sport-
specific training during adolescence is a key point for a professional career. Sagat similarly
demonstrated how structuring specific sports training, such as sprint intervals with change
of direction in soccer players, could significantly improve the explosive power, agility,
speed, anaerobic capacity, and maximal oxygen uptake (VO2max) in male under-17 soccer
players (Contribution 7). Finally, Perazzetti et al. (Contribution 8) shifted the focus to the
critical aspect of recovery and load management. Monitoring under-16 water polo players
during a congested match schedule, they found that the internal load was correlated with
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increased fatigue and decreased well-being, highlighting how recovery is a crucial part
of training.

These papers focused on training offer a balanced approach between the importance
of planning adequate training in terms of volume and also scheduling adequate recovery,
which is crucial in this phase of growth for developing technical and physical skills. Re-
liable and valid testing is the foundation through which effective training is built. Other
contributions of our Special Issue focused on advancements in testing and assessment,
validated new protocols, compared testing environments, and explored the underlying
physiological and biomechanical factors of performance. A key practical question was
addressed by Carron et al. (Contribution 9), who found that run-based performance tests
(sprints, agility, and fitness) in adolescent rugby league players yielded comparable results
on both indoor and outdoor surfaces, offering valuable flexibility for practitioners working
in varied environments. Despot and Plavec (Contribution 10) made a significant contribu-
tion by validating a new Ballroom Aerobic Test (BAT) for dance sport couples. The BAT
showed strong agreement with gold-standard laboratory tests, providing a feasible and
accurate field-based and sport-specific method to assess the aerobic capacity of dancers,
a population often overlooked in sport science. The theme of specificity continues in the
work of Crisafulli et al. (Contribution 11), who described the power–load relationship in
elite canoeists and kayakers. Their data on bench press, ballistic bench press, and prone
bench pull exercises provide coaches with preliminary benchmarks for designing strength
and power training tailored to the unique “pull-dominant” demands of paddling sports.
At a more fundamental physiological level, Massini et al. (Contribution 12) investigated the
agreement between different high-intensity endurance indexes (Critical Speed, Respiratory
Compensation Point, and 50%Δ) in young male runners. Their finding that these indices are
broadly similar, though not entirely interchangeable at an individual level, refines our un-
derstanding of how to demarcate and target key training intensities in youth running. Two
studies examine the long-term development of athletes. Marcelli et al. (Contribution 13)
explored the relative age effect in a youth soccer academy, confirming that the birth month
can influence motor performance and ball skills within annual age groups. This highlights
the need for individualized training programs that account for biological maturity and not
just chronological age. Meanwhile, Ouergui et al. (Contribution 14) demonstrated that
interlimb asymmetry and bilateral deficit indexes measured in vertical jumps are significant
predictors of sport-specific kicking performance in taekwondo athletes. This underscores
the importance of balanced strength development and targeted neuromuscular training,
even in sports dominated by unilateral actions.

The papers aimed to explore testing in this population, highlighting the importance
of assessing by means of field-based and sport-specific methods before planning spe-
cific sports training and training load progression and the need to make the assessment
more practical and applicable even outside laboratory settings, which may differ from
real-world performance.

3. Conclusions

The findings of this Special Issue underline that the effective management of the young
athlete requires a specific and dual-focused approach. It demands training that is not only
structured and intense but also cognitively engaging, sport-specific, and carefully balanced
with recovery. It equally depends on testing that is valid, reliable, practical, and sensitive
to the specific demands of the sport and the individual characteristics of the developing
athlete. The career path of a young athlete is a complex mix of growth, training, and
competition. The research presented here provides coaches, athletic trainers, and sports
scientists with insights and tools that are essential for approaching this path more effectively.
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Given the success of this Special Issue, we have launched a second edition and hope to
receive contributions focusing on other sports so that we can provide an increasingly
comprehensive and specific overview of the metabolic and technical requirements of
different disciplines, whether they are individual or team sports, indoor or outdoor, power
or endurance performance. This will allow us to deepen our knowledge in these areas and
to better achieve our goal: to promote an environment that improves performance, ensures
well-being, and cultivates a lifelong passion for sport.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: This pilot study examined the effects of a 12-week reaction training program on
physical and cognitive performance (choice reaction) in U20 Latvian fencers. Five qualified
right-handed male fencers (aged 14.8–18.6 years) completed the Vienna Test System choice
reaction task at baseline and after 12 weeks while cycling through five heart rate zones
(1–5). Reaction speed (RS), motor speed (MS), choice reaction time (CR), and heart rate
(HR) were recorded. Paired-sample t-tests indicated no significant group-level changes:
RS (t = 1.46, p = 0.21, d = 0.65, 95% CI [−36.92, 118.92]), MS (t = 2.37, p = 0.07, d = 1.06,
95% CI [−3.14, 40.34]), CR (t = 1.70, p = 0.16, d = 0.76, 95% CI [−37.30, 156.26]), and HR
(t = −2.69, p = 0.054, d = −1.20, 95% CI [−12.53, 0.17]). Individual responses revealed that
three athletes improved CR in low- to moderate-intensity zones (−12.66% to −27.18%),
whereas heart rate increased modestly (1.35% to 9.60%). Given the critical age for de-
veloping choice reaction, these findings should be considered as preliminary and ex-
ploratory, offering initial insights into how training might influence cognitive performance
in young fencers and demonstrating that responses can differ across heart rate zones and
among individuals.

Keywords: young athletes; fencing; training methods; choice reaction time; performance

1. Introduction

Fencing, which involves attacking and defending using a sword, is included in the
Olympic Games [1]. It is a combat sport that demands open-skill strategies, complex body
movements, and tactical play. Athletic performance in fencing reflects how effectively
an athlete can execute actions. Like other sports, success relies on multiple physical
and mental factors, including reaction time, agility, flexibility, coordination, and decision-
making skills [2,3]. Fencing specifically requires athletes to respond quickly to tactile,
visual, and auditory stimuli, which are the primary types of stimuli in fencing [4,5]. The
blade, considered the second fastest object in sports competition, demands extremely rapid
reactions. Typically, scoring actions last about 5 s in foil and 15 s in épée [6]. Therefore,
responding effectively is an essential skill and performance [7,8].

Reaction time (RT) is a fundamental skill influencing success in fencing [9]. Reacting
to a moving object involves several steps: perceiving the stimulus, estimating its speed,
adopting an appropriate posture, and making a decision. In situations where multiple
responses are possible, athletes rely on choice reaction time, which requires selecting the
correct action under time pressure. This advantage is linked to shorter motor response times,
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which contribute to superior physical performance and, ultimately, better competitive
results [9]. Furthermore, RT acts as an indicator of the efficiency of the cognitive system in
processing information [10]. Cognitive processes are usually evaluated through behavioral
measures like reaction time.

Cognitive skills and decision-making are essential for athletic performance in com-
petitive sports, especially in combat sports like fencing [11,12]. In fencing, athletes need
to constantly anticipate their opponent’s moves by interpreting cues or patterns in their
behavior [13,14]. Research indicates that physical exertion and exercise can impact both
cognitive performance and reaction time, but individual responses differ [15–18]. Studies
using computer-based tasks indicate no significant differences between groups, or that elite
or well-trained fencers typically have faster reaction and choice reaction times than less
experienced athletes [18,19].

Some studies indicate that reaction time (RT) in fencers can be improved through
training [20–22]. Conversely, other research contends that genetic factors mainly influence
RT and are less affected by training [23]. To anticipate attacks, respond, and stay accurate,
fencers must extract relevant information from an opponent’s constantly changing posture,
distance, movements, or even the current match status [13]. Therefore, fencing demands
quick and accurate decision-making under ongoing competitive pressure, along with an
evolving perception of physical effort 18]. Since athletes are always under time limitations,
both decision-making and sensorimotor reaction times need to be minimized to increase
performance [8]. Improving the fencing training system involves identifying and justifying
new methods for organizing training, based on modern scientific evidence. The Vienna test
system (VTS) [24] is a psychological assessment device that includes tests of many different
constructs, such as reaction time and attention, used by applied practitioners to conduct
psychological testing in fencing [19,24,25]. Physical preparation is a key part of fencing
performance, including explosive starts, sustained readiness for the right moment to attack,
and the ability to make quick decisions [26]. Reactions are a crucial part of performance
and are closely related to cognitive performance in fencers [27]. Several studies highlight
the importance of improving reaction time and response speed to both auditory and visual
stimuli, dual-task conditions, the role of speed in a fencer’s hand movements, and various
training interventions [2,19,26,28–32]. This pilot study aimed to assess the effects of a 12-
week reaction training program on physical and cognitive performance (choice reaction) in
U20 Latvian fencers. We hypothesized that the targeted training program would improve
choice reaction performance.

2. Materials and Methods

2.1. Participants

Five qualified young right-handed male foil fencers from the Latvian national U20
team, all ranked among the top athletes nationally, participated in the study (Table 1).
The inclusion criteria included (a) age ranging from 14 to 20 years, which is a critical
period for developing choice reaction [28], and (b) training at least 4 times per week.
Exclusion criteria were (a) use of drugs, medications, or any conditions (neuromuscular
diseases), or musculoskeletal injuries that could affect test outcomes, and (b) previous
experience with the VTS. A qualified athlete in this study is defined as a fencer who
is in the top 10 of the Latvian rankings, has participated in national and international
competitions, and has an EFC (European Fencing Confederation, https://www.eurofencing.
info/rankings/individual-rankings, URL accessed on 23 October 2025) or FIE (International
Fencing Federation, https://fie.org/athletes, URL accessed on 23 October 2025) ranking.
Participants ranged in age from 14.8 to 18.6 years (m = 17.04, SD = 1.43), with an average
height of 179.2 cm (SD = 6.87) and body weight of 66.02 kg (SD = 10.33). The study followed
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the ethical regulations of the Declaration of Helsinki. Information about the purpose of
the study was given to the participants, and they voluntarily consented to take part. For
underage athletes, written informed consent was additionally obtained from parents or
legal guardians. The research protocol was approved by the Ethical Committee of Riga
Stradins University, Latvian Academy of Sport Education (protocol no. 8/3/51813, and
approval date 30 July 2023). Participants could withdraw at any time without consequence.

Table 1. Individual characteristics and ranking of fencers.

Subject
Age

(Years)
Height

(cm)
Body Mass

(kg)
HR Rest
(bpm)

EFC
Rank *

FIE
Rank *

S1 17.9 186 60 62 - 47

S2 17.1 178 62 79 328 -

S3 18.6 186 82.1 85 - 477

S4 16.8 170 56 76 48 549

S5 14.8 176 70 76 469 -
* cm: centimeter; kg: kilogram; bpm: beat per minute. * Ranking for the years 2023–2034; EFC: European Fencing
Confederation; FIE: International Fencing Federation.

2.2. Procedures

The experimental protocol included a baseline assessment (pre-test) and a follow-up
assessment after 12 weeks (post-test). None of the participants had previous experience
with the cognitive tasks of the Vienna choice reaction test. Therefore, before the intervention,
all athletes completed two familiarization sessions, during which they practiced the choice
reaction (CR) test while cycling for 30 min on a stationary bike [33]. This ensured that
participants were familiar with the test procedures. One week later, the baseline assessment
was conducted. At both pre- and post-test, participants performed the CR test five times
while cycling on a cycle ergometer (Wattbike Pro/Trainer, Wattbike Ltd., Nottingham, UK)
across five heart rate zones (Z1–Z5), monitored using a Polar heart rate system (Polar
Team Pro, Polar Electro Oy, Kempele, Finland). The zones were defined according to
a previous study [34] and Tanaka’s age-based prediction equations for maximal heart
rate [35]: zone 1 (50–59% HRmax), zone 2 (60–69% HRmax), zone 3 (70–79% HRmax), zone
4 (80–89% HRmax), and zone 5 (90–100% HRmax).

Upon arriving at the laboratory, participants sat and rested for 10 min. They first
did a 10 min warm-up on the cycle ergometer. The protocol was performed in stages,
with each stage corresponding to one heart rate zone. Each stage and the CR test lasts
between 3 and 5 min. A total of five CR tests were performed. At the end of each stage,
participants increased their pedaling intensity to reach the next target zone. During testing,
the CR response panel was mounted on the ergometer. Workload progression was not
standardized by resistance settings but was instead guided by heart rate response and
self-selected pedaling intensity. The entire test took approximately 25–30 min.

Participants were advised to refrain from alcohol, caffeine, and vigorous physical
activity for at least 24 h prior to testing. Participants were asked verbally to confirm they
followed the pre-test instructions and reported full compliance. If they were noncompliant,
testing would be rescheduled.

The Vienna Test System (VTS) is a popular computerized tool used for objectively
assessing various psychological constructs. It is commonly employed in sports science
to examine how different factors influence cognitive performance [24]. During the CR
test, stimuli include yellow and red circles, auditory tones, and combinations of these.
The key stimulus combination requires participants to respond when both a yellow and a
red circle appear simultaneously. Two output variables from the CR test were recorded.
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Reaction speed (RS) is the time elapsed from when the relevant stimulus appears to when
the participant’s finger lifts from the rest position button. It indicates how quickly an
individual perceives a stimulus and initiates a response. Motor speed (MS) represents the
second component of CR and is defined as the interval from when the finger lifts off the rest
button to when the designated response is pressed. MS provides an index of processing
and motor execution speed. The CR test lasts between 3 and 5 min. All procedures were
non-invasive and supervised by the researcher and fencing coach.

2.3. Intervention

The modified reaction training program [21,36] was conducted twice weekly for
12 weeks (July–September 2024), with each session lasting 30 min and including 10 exercises
(Appendix A, Tables A1–A3). This program was performed alongside participants’ regular
fencing and general training. The training protocol involved both general and fencing drills
and was adapted from different sports to improve reaction time and cognitive performance
[Table 2]. Each general and regular fencing session, without emphasizing reaction exercises,
began with a standardized warm-up and continued with stretching, jogging, footwork,
and tactical and technical training. Special training consisted of 10 reaction exercises using
various equipment, including balls of different sizes and weights, tennis balls, jump ropes,
and agility ladders. Exercises included catching balls, performing single-leg hops, cone-
color reaction tasks, fencing drills, and combined movement and cognitive challenges
such as jumping while catching a glove and shuttle runs. Sessions ended with cool-down
exercises. The first author and a fencing coach oversaw all training sessions. Every fencer
participated in each session.

Table 2. The weekly training schedule.

Day Monday Tuesday Wednesday Thursday Friday

Trainings General training
(60 min)

General (30 min)
+ special training (30 min) Rest General (30 min)

+ special training (30 min)
General training

(60 min)

2.4. Statistical Analysis

Data were analyzed using Microsoft Excel 2016 and Jeffreys’s Amazing Statistics
Program (JASP) version 0.18.3. Due to the limited sample size and based on earlier re-
search [14,37], descriptive statistics, including the minimum (Min), maximum (Max), mean
(m), standard deviation (SD), effect sizes (Cohen’s d), confidence intervals (CIs), and
percentage change (%Change), were calculated. Data normality was assessed using the
Shapiro–Wilk test. A paired t-test (t) was used for data analysis. The significance level was
p < 0.05. Percentage change (%Change) was calculated using the following formula:

%Change = [(mpost − mpre)/mpre] * × 100. (1)

3. Results

The results are divided into two parts: (1) overall pre–post changes in reaction speed
(RS), motor speed (MS), choice reaction (CR), and heart rate (HR), and (2) individual zone-
based profiles showing within-athlete changes over the 12-week training period. For RS,
MS, and CR, lower values and reduction (milliseconds, ms) indicate faster responses, while
HR values are given as average beats per minute (bpm).

3.1. Overall Pre–Post Results of RS, MS, CR, and HR

Reaction Speed (RS). Descriptive statistics for RS across participants are presented
in Table 3. Overall post-test results showed a decrease in RS for S1, S3, and S5, indicat-
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ing faster responses. The most improvement was seen in S1, with RS decreasing from
m = 560.4, SD = 63.85 ms at pre-test to m = 415.4, SD = 27.55 ms at post-test, a −25.87%
change. S3 and S5 showed moderate improvements of −12.45% and −8.67%, respectively.
Conversely, S2 exhibited an increase in RS (3.49%), indicating slower responses, while S4
remained unchanged.

Table 3. Overall RS results (n = 5).

Variable Sub Test Phase m ± SD 95% CI Lower, Upper Min Max %Change

RS
(ms)

S1
Pre 560.4 ± 63.85 481.11, 639.69 467 625 −25.87
Post 415.4 ± 27.55 381.18, 449.61 371 444

S2
Pre 440.6 ± 40.78 389.96, 491.23 397 504

3.49
Post 456 ± 36.47 410.70, 501.29 428 518

S3
Pre 345.2 ± 24.89 314.29, 376.11 317 380 −12.45
Post 302.2 ± 14.09 284.69, 319.70 288 325

S4
Pre 308.4 ± 34.81 265.17, 351.62 255 343

0
Post 308.4 ± 33.97 266.21, 350.58 272 346

S5
Pre 373.6 ± 4.03 368.58, 378.61 367 378 −8.67
Post 341.2 ± 30.77 302.98, 379.41 308 388

RS: reaction speed; ms: milliseconds; Sub subject; m mean, SD: standard deviation; CI: confidence interval; Min:
minimum, Max: maximum.

The motor speed (MS). Table 4 shows the results of MS, which demonstrated consistent
improvements in four athletes. S1 indicated the greatest change, decreasing from m = 127.4,
SD = 21.36 ms to m = 85.40, SD = 17.53 ms, reflecting a −32.96% and a large reduction.
Notable decreases were also observed in S5 (−26.64%), S3 (−17.14%), and S2 (−15.36%).
S4 showed an increase (4.85%).

Table 4. Overall MS results (n = 5).

Variable Sub Test Phase m ± SD 95% CI Lower, Upper Min Max %Change

MS
(ms)

S1
Pre 127.4 ± 21.36 100.87, 153.92 96 155 −32.96
Post 85.40 ± 17.53 63.63, 107.16 66 103

S2
Pre 82 ± 5.29 75.43, 88.57 75 89 −15.36
Post 69.4 ± 5.03 63.15, 75.64 62 75

S3
Pre 84 ± 8.45 73.50, 94.49 74 97 −17.14
Post 69.6 ± 3.05 65.81, 73.38 65 72

S4
Pre 90.6 ± 4.03 85.58, 95.61 85 95

4.85
Post 95 ± 10.52 82.53, 108.67 85 112

S5
Pre 106.6 ± 9.42 94.89, 118.30 96 120 −26.64
Post 78.2 ± 4.32 72.83, 83.56 73 84

MS: motor speed; ms: milliseconds; Sub: subject; m mean, SD: standard deviation; CI: confidence interval; Min:
minimum, Max: maximum.

Choice reaction (CR) and heart rate (HR). CR followed a similar trend (Table 5), with
S1 decreasing substantially (m = 687.8, SD = 76.02 ms to m = 500.8, SD = 38.80 ms), resulting
in a −27.18% reduction in post-test. The HR was increased from m = 124.9, SD = 26.4 to
m = 141.4, SD = 28.5 bpm (8.85%). CR improvements were also evident in S3 (−13.37%),
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with improvements in HR (9.6%) and S5 (−12.66%), as well as HR (2.39%) in the post-
test. Conversely, CR in S2 (0.53%), with a HR (1.35%), and S4 (1.25%), HR (1.5%) showed
negligible increases.

Table 5. Overall CR and HR results in pre- and post-tests (n = 5).

Variable Sub Test Phase m ± SD 95% CI Lower, Upper Min Max %Change

CR
(ms)

S1
Pre 687.8 ± 76.02 593.39, 782.20 563 760 −27.18
Post 500.8 ± 38.8 452.61, 548.98 437 539

S2
Pre 522.6 ± 45.88 465.62, 579.57 472 593

0.53
Post 525.4 ± 39.51 476.33, 574.46 497 591

S3
Pre 429.2 ± 31.09 390.59, 467.80 398 477 −13.37
Post 371.8 ± 13.55 354.97, 388.62 360 393

S4
Pre 399 ± 31.49 359.89, 438.10 350 432

1.25
Post 404 ± 25.65 327.14, 435.85 371 435

S5
Pre 480.2 ± 7.69 470.64, 489.75 470 487 −12.66
Post 419.4 ± 28.97 383.42, 455.37 383 461

HR
(bpm)

S1
Pre 124.93 ± 26.4 92.14, 157.72 90 154

8.85
Post 141.43 ± 28.53 105.99, 176.86 106 171

S2
Pre 133.2 ± 21.12 106.97, 159.42 113 163

1.35
Post 135 ± 23.72 105.53, 164.46 106 168

S3
Pre 125 ± 13.15 108.66, 141.33 116 148

9.6
Post 137 ± 19.72 112.51, 161.48 118 162

S4
Pre 138.8 ± 23.47 109.64, 167.95 113 169

1.5
Post (141 ± 26.58) 107.99, 174 108 175

S5
Pre 142.2 ± 23.13 113.47, 170.92 113 173

2.39
Post 145.6 ± 24.77 114.83, 176.36 112 175

CR: choice reaction; ms: milliseconds; HR: heart rate; bpm: beats per minute; Sub: subject; m mean, SD: standard
deviation; CI: confidence interval; Min: minimum, Max: maximum.

Group level. Paired-sample t-tests (Table 6) examined pre- and post-test differences in
RS, MS, CR, and HR. Shapiro–Wilk tests indicated normal distributions for all variables
(p > 0.05). No significant changes were observed for RS, t(4) = 1.46, p = 0.218, d = 0.65,
or CR, t(4) = 1.70, p = 0.163, d = 0.76. However, effect sizes indicate moderate changes
in cognitive-motor performance. MS showed a trend toward improvement, t(4) = 2.37,
p = 0.076, d = 1.06, and HR approached significance, t(4) = −2.69, p = 0.054, d = −1.20.

Table 6. t-test results for RS, MS, CR, and HR.

Sub Test Phase m ± SD 95% CI Lower, Upper t p d

RS (ms)
Pre 405.64± 99.13 −36.92, 118.92 1.46 0.218 0.65
Post 364.64 ± 68.07

11



Sports 2025, 13, 400

Table 6. Cont.

Sub Test Phase m ± SD 95% CI Lower, Upper t p d

MS (ms)
Pre 98.12 ± 19 −3.14, 40.34 2.37 0.076 1.06
Post 79.52 ± 10.91

CR (ms)
Pre 503.76 ± 113.26 −37.30, 156.26 1.70 0.163 0.76
Post 444.28 ± 65.7

HR (bpm)
Pre 133.82 ± 6.86 −12.53, 0.17 −2.69 0.054 −1.20
Post 140 ± 4.13

Sub: subject; RS: reaction speed; MS: motor speed; CR: choice reaction; HR: heart rate; ms: milliseconds; bpm:
beats per minute; m: mean; SD: standard deviation; CI: confidence interval; t: t-test; p: p-value < 0.05; d: Cohen’s
effect size.

3.2. Individual Zone-Based Profiles of Athletes

The results of individual zones are shown in Figure 1. Subject 1 showed consistent and
substantial cognitive performance improvements across all zones (Figure 1a). RS decreased
by −17% to −34% across Z1–Z5, with the largest in Z2 (−34%). MS is dramatically affected,
especially in Z4 (−47.6%) and Z1 (−38.7%). Correspondingly, CR decreased between
−21.9% and −32.4%. However, HR responses increased by 10–18% across all zones. S2’s
profile (Figure 1b) was more mixed. RS was reduced in Z1 (−13%) and Z3 (−4.7%), but
increased in Z2 (24.8%) and Z4 (10%). MS consistently improved (−7% to −30%), with the
greatest change in Z1. Results for CR show a reduction in Z1 (−15.7%) and Z3 (−6.9%) but
an increase in Z2 (19.4%) and Z4 (7%). HR responses were stable to slightly elevated (−6%
to 5.6%).

Figure 1. Individual zone profiles per athlete (n = 5); subfigures (a–e) correspond to subjects 1–5,
respectively.

S3 showed a strong and generalized reduction across most zones (Figure 1c). RS
decreased by −24% in Z1, −17.8% in Z2, and around −4% in Z3–Z5. MS shows a reduction
in all zones (−8% to −25%), with the best in Z1. CR decreased by −24.5% in Z1, −17% in
Z2, and moderately in Z3–Z5. HR patterns, however, indicated modest decreases in Z1
(−3.3%) but increases up to 25% in Z4. The results for S4 show the most variable profile
(Figure 1d). RS decreased in Z1 (−8.7%) and Z3 (−6.4%), but increased in Z2 (6.7%) and Z4
(11.6%). MS increased in Z1 (19.1%) and Z2 (4.2%), and stability was maintained in Z5. CR
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showed small changes (−2% to 8.8%). HR increased modestly across most zones (0.6% to
5.2%). The results of RS for S5 show a reduction in Z1–Z4 (−7% to −16%), but Z5 increased
by 2.6%. MS decreased across all zones (−16% to −37.5%), with the largest reduction in Z1.
CR also decreased across the zones (−4.7% to −21.3%). HR changes were minimal (−0.9%
to 5.2%).

4. Discussion

This study examined the effects of a 12-week reaction training program on physical
and cognitive performance in U20 fencers. The main findings indicate that at the group
level, paired-samples t-tests for reaction speed (RS), motor speed (MS), choice reaction
(CR), and heart rate (HR) did not reach statistical significance. Nevertheless, individual-
level analyses revealed that choice reaction performance improved post-intervention in
athletes S1, S3, and S5, while it decreased for athletes S2 and S4, particularly when tested
at different heart rate zones, highlighting individual variability. Heart rate changes were
modest across participants, indicating that improvements in choice reaction performance
were not strongly associated with cardiovascular responses. These findings should be
interpreted as preliminary and exploratory, providing initial insights into how training
may influence cognitive performance in young fencers and illustrating that responses can
vary across heart rate zones and among individuals.

The cognitive performance is influenced by variables such as training intensity, du-
ration, and the task, interacting to create complex effects on performance outcomes [38].
McMorris [39] proposed that exercise influences cognition by activating the hypothala-
mic and sympathetic–adrenal systems, thereby increasing catecholamine release. These
biochemical changes affect neural processes involved in attention and information process-
ing, though the exact relationship between exercise intensity and cognitive performance
remains complex and not fully understood. Specifically, post-intervention CR decreased
across fencers (m = 500.8, SD = 38.8 to m = 419.4, SD = 28.97 ms) compared to baseline
(m = 687.8, SD = 76.02 to m = 480.2, SD = 7.69 ms), corresponding to percentage changes
ranging from 0.53% to −27.18%. These findings indicate that although individual results
varied, the group results, including the lack of a significant effect (p > 0.05) due to sample
size, all participants completed the 12-week reaction training without dropouts, indicating
that this training protocol is feasible to implement and support in future, larger-scale
studies. Concurrently, changes in heart rate responses varied among participants (Table 4),
highlighting individual differences in physiological adaptation to the intervention.

Furthermore, individual optimal heart rate zones for achieving faster choice reaction
times were observed in zones 1–2 (HR range: 106–118 bpm), with noticeable variation
among participants (Figure 1). This result is consistent with earlier studies [40–44], which
have shown that low to moderate intensity exercise improves response speed to choice
reaction and visual stimuli. Specifically, the relationship between reaction time and exercise
intensity seems to follow an exponential pattern: reaction time decreases as exercise
intensity increases to the aerobic threshold (around 120 bpm), then plateaus between
130–155 bpm, and gradually rises again beyond the anaerobic threshold, continuing up to
maximal effort. Stimuli further influence the impact of higher intensities (above 160 bpm).

In contrast to our findings, some studies have shown that low-intensity exercise
does not significantly influence cognitive task performance, while higher intensities may
improve reaction speed [15–18]. This partially aligns with previous research suggesting a
U-shaped relationship of training intensity and cognitive performance, where moderate
exercise has a beneficial effect but high-intensity training may impair performance [45].
However, the inverted-U model has faced criticism, and newer studies highlight that the
impact of training on cognitive performance is related to the task [35]. Furthermore, athletes
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and non-athletes respond differently to exercise. Several studies comparing experienced
athletes with novices indicate that athletes tend to benefit more from exercise, likely because
of their greater familiarity with high physiological stress and the substantial physical,
emotional, and cognitive demands involved [46–49].

In this study, we also investigated the effect of a 12-week training program on heart
rate (HR). The increase was modest, ranging from 1.35% to 9.60% across participants, with
the largest increase observed in S3 (9.60%) and the smallest in S2 (1.35%). Exercise is known
to trigger both immediate and long-term adaptations in HR [50]; however, the relatively low
training load of the current program may explain the limited HR changes in some athletes.
Although sessions were held twice weekly for 30 min over 12 weeks, the ten exercises
included were not enough to produce significant cardiovascular adaptation. Endurance
training causes significant changes in cardio-autonomic regulation [51], which were not
achieved in the current intervention. Importantly, improvements in CR performance
observed in S1, S3, and S5 occurred despite modestly elevated HRs. This aligns with
dual-task paradigms [33,44], where athletes must maintain cognitive performance while
performing physical tasks, reflecting adaptations relevant to the training and fencing
competition. Previous research has also shown that fatigue caused by high-intensity
exercise generally leads to increased and longer reaction times [41].

Task complexity is another key factor affecting how exercise influences cognitive
performance. Cognitive load results from the interaction between exercise, brain cate-
cholamines, which increase arousal by activating the reticular formation, and the cognitive
task. In this study, athletes S2 and S4 showed increased CR, aligning with previous find-
ings [38]. A likely reason is that the combination of pedaling for 30 min and performing
the test created a higher cognitive and physical load, leading to longer reaction times.
Conversely, other fencers (S1, S3, and S5) completed these complex tasks with shorter CRs.
The longer CRs seen in S2 and S4 may be related to the wait-and-see strategy [52], where
additional cognitive processes like decision-making and information integration extend
reaction time. Therefore, the amount and type of information needed to generate a re-
sponse depend on the task and help explain individual differences in CR performance [53].
Moreover, caution is advised when comparing results from different studies, especially
when the CR or experimental setup varies [54]. In this study, we used the CR test on a
bicycle, a new laboratory measure for this group, since fencers usually do not use the VTS
in their regular training. The familiarization was limited to 2 sessions, which may explain
differences in cognitive performance. This could make measurements reflect the effect of
being new to an unfamiliar dual task, where cycling demands much cognitive capacity and
could interfere with other tasks (VTS), rather than measuring true cognitive impact.

Attention, which depends on executive functions like inhibitory control and working
memory, also affects choice reaction time and overall performance [55,56]. In fencing, cues
can appear anywhere in the visual field, requiring athletes to use peripheral vision and
quickly move their gaze through rapid eye movements. Previous research shows that elite
fencers are generally better at focusing on these cues [14]. In this study, two athletes (S2
and S4) showed longer choice reaction times, possibly indicating reduced or distracted
attention, which can hinder information processing and fencing performance. Importantly,
the critical age for developing CR is between approximately 15 and 20 years old [28]. In
this study, the fencers were in a crucial age period when differences in reaction time and
related variables are most likely to be detected. However, it is important to recognize that
multiple factors, including age, ambient temperature, type of stimulus, nerve conduction
quality, and receptor sensitivity, influence individual differences in outcomes. While the
findings partly support the hypothesis that 12 weeks of training could improve choice
reaction, there are several limitations. First, the small sample size of five males was

14



Sports 2025, 13, 400

determined by participant availability and by the inclusion and exclusion criteria of the
study during data collection, rather than by predefined sample size calculations. Especially
considering the critical age for developing choice reaction [28] and the fact that athletes
(under 20 years old) and competing at the national or international level. Although they
represent a rare and highly selective group, this complicates the recruitment of larger
cohorts. Additionally, this study’s limitations include the lack of a control group and
the absence of randomization. Future studies should increase the number of participants
(including left-handed fencers) and add other specific weapons (such as épée and saber),
which would be beneficial. Future research with larger sample sizes and longer data
collection periods could provide more solid insights into the effects observed in this study.
Second, the results obtained in a controlled laboratory setting may not directly apply to
field environments [57] or actual competitions, as the procedures used here do not consider
key factors in fencing, such as dynamic interaction with an opponent [58]. While this
study focused on cognitive performance, which is crucial for executing fencing skills, a full
understanding of how physical load influences cognitive expertise requires examining the
underlying neurophysiological mechanisms. The present study included only male foil
fencers aged 14–18. Future studies should expand the sample to include female athletes,
athletes of different ages, and various levels of expertise. Because of differences in segment
length and muscle mass, sex-related variations in execution speed could also be worth
exploring. Since competitive fencing has been linked to cognitive fatigue, examining
how it affects execution speed and accuracy could be valuable. Additionally, since the
12-week training program was tested with a small group, adding a control group would
help provide clearer conclusions about its effect on cognitive performance, especially
choice reaction. Results cannot establish causality. Observed changes may reflect learning
or familiarization.

5. Conclusions

The present pilot study examined the effects of a 12-week reaction training program
on physical and cognitive performance (choice reaction) in U20 Latvian fencers. While the
group results showed no significant changes in the variables, some individual changes
suggested that a 12-week training program may improve choice reaction time. Also, the
current program’s low training load may explain the limited HR changes in some athletes.
Given the critical age for developing choice reaction, a small sample size may limit the
study, and these findings should be interpreted as preliminary and exploratory, providing
initial insights into how training may influence cognitive performance in young fencers
and illustrating that responses can vary across heart rate zones and among individuals.
However, it is important to recognize that multiple factors, including age and stimulus
type, influence individual differences in outcomes. These points emphasize the need for
future research with highly controlled designs, including clear definitions of participant
expertise, specific exercise protocols, and well-defined cognitive tasks.
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Appendix A

Table A1. The 12-week training program description (2× a week), month 1.

No. Instructions Dosage

1 Launch a tennis ball, let it bounce, and catch it with one hand while extending
your arm (from the guard position) 2 × 1 min + rest 30 s

2 Throw a reaction ball and grab it with one hand after it hits the ground. 2 × 1 min + rest 30 s

3 In the same exercise, catch the ball during the drill, then immediately perform a
forward lunge. 2 × 1 min + rest 30 s

4 Agility leather exercises: step forward, then move your right foot outside the
square boundary. 2 × 1 min + rest 30 s

5 Agility leather exercises: step ahead, then shift your left foot beyond the edge of
the box. 2 × 1 min + rest 30 s

6 Begin in a defensive stance, take two strides forward, and one step back. 2 × 1 min + rest 30 s

7 Start from the guard position, walk to the first marker, then retreat to the next,
repeat this relay-style movement. 2 × 1 min + rest 30 s

8 Practice fencing footwork from a ready stance, changing direction whenever the
coach claps. 2 × 1 min + rest 30 s

9 Moving into the fighting stance, the individual responds to cones of various colors. 2 × 1 min + rest 30 s

10 Jogging in place in a fencing stance and striking the fencing target on a
coach’s command. 2 × 1 min + rest 30 s
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Table A2. The 12-week training program description (2× a week), month 2.

No. Instructions Dosage

1 Throw the tennis ball up, catch it smoothly, and stretch your arm
forward quickly. 2 × 1 min + rest 30 s

2 Put two colored objects in front. When the coach says a color, touch the one
that matches. 2 × 1 min + rest 30 s

3 Two athletes stand apart 2 m and step forward to tap the object in front of them. 2 × 1 min + rest 30 s

4 Each athlete has two colored items. When the coach gives the signal, they race
to grab the right one (reaction play). 2 × 1 min + rest 30 s

5 Agility leather exercises: Jump into each box using only the right foot. 2 × 1 min + rest 30 s
6 Agility leather exercises: jump onto each box using only the left leg. 2 × 1 min + rest 30 s

7 From the guard position, when told, take two fast steps forward and wait for
the next signal. 2 × 1 min + rest 30 s

8 Move around freely. When signaled, lunge forward, go back to ready stance,
take two quick steps back, and repeat 2 × 1 min + rest 30 s

9 Running in place in the fencing stance and catching the fencing glove with
a lunge. 2 × 1 min + rest 30 s

10 Jumping rope and catching the fencing gloves. 2 × 1 min + rest 30 s

Table A3. The 12-week training program description (2× a week), month 3.

No. Instructions Dosage

1 Place two colored posts in front. When the coach says a color, the athlete
quickly taps that one using their strong hand. 2 × 1 min + rest 30 s

2 Two athletes stand facing each other with a post between them. When the
coach gives the signal, they race to grab it—whoever gets it first wins. 2 × 1 min + rest 30 s

3
Exercise no. 2 is repeated, and the coach shouts different commands: hand on
knee, hand on head, etc. When he shouts and puts his hand on the pole, the
athletes must quickly grab the pole.

2 × 1 min + rest 30 s

4 While jumping rope, reach out and catch the fencing glove during
the movement. 2 × 1 min + rest 30 s

5 Step forward and backward like in fencing. When signaled, sprint in place with
high knees from the guard position. 2 × 1 min + rest 30 s

6 Do jumping jacks, then catch the fencing glove when prompted. 2 × 1 min + rest 30 s

7 Run back and forth between two points, and catch tennis balls during the drill
(Shuttle running). 2 × 1 min + rest 30 s

8 Move freely. When the coach signals, take two fast steps back, then lunge
forward with power. 2 × 1 min + rest 30 s

9 Jump from a distant spot toward a closer one using agility leather. 2 × 1 min + rest 30 s
10 Make two forward jumps with both feet, then jump backward once. 2 × 1 min + rest 30 s
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4. Borysiuk, Z.; Markowska, N.; Konieczny, M.; Kręcisz, K.; Błaszczyszyn, M.; Nikolaidis, P.T.; Knechtle, B.; Pakosz, P. Flèche versus
Lunge as the Optimal Footwork Technique in Fencing. Int. J. Environ. Res. Public Health 2019, 16, 2315. [CrossRef]

5. Gutiérrez-Cruz, C.; Rojas, F.J.; Gutiérrez-Davila, M. Effect of defence response time during lunge in foil fencing. J. Sports Sci. 2015,
34, 651–657. [CrossRef]

6. Sorel, A.; Plantard, P.; Bideau, N.; Pontonnier, C. Studying fencing lunge accuracy and response time in uncertain conditions with
an innovative simulator. PLoS ONE 2019, 14, e0218959. [CrossRef]

17



Sports 2025, 13, 400

7. Chtara, H.; Negra, Y.; Chaabene, H.; Chtara, M.; Cronin, J.; Chaouachi, A. Validity and Reliability of a New Test of Change of
Direction in Fencing Athletes. Int. J. Environ. Res. Public Health 2020, 17, 4545. [CrossRef]

8. Milic, M.; Nedeljkovic, A.; Cuk, I.; Mudric, M.; García-Ramos, A. Comparison of reaction time between beginners and experienced
fencers during quasi-realistic fencing situations. Eur. J. Sport Sci. 2020, 20, 896–905. [CrossRef]

9. Balkó, S.; Zbigniev, B.; Simonek, J. The influence of different performance levels of fencers on simple and choice reaction time.
Rev. Bras. Cineantropometria Desempenho Hum. 2016, 18, 391–400. [CrossRef]

10. Jensen, A.R. Clocking the Mind: Mental Chronometry and Individual Differences, 1st ed.; Elsevier Science & Technology: Chantilly, VA,
USA, 2006. [CrossRef]

11. Van Maarseveen, M.J.J.; Savelsbergh, G.J.P.; Oudejans, R.R.D. In Situ Examination of Decision-Making Skills and Gaze Behaviour
of Basketball Players. Hum. Mov. Sci. 2018, 57, 205–216. [CrossRef]

12. Chang, C.L.; Lin, F.T.; Li, K.W.; Jou, Y.T.; Huang, C.D. A study of optimal handle shape and muscle strength distribution on the
lower arm when holding a foil. Percept. Mot. Skills 2009, 108, 524–530. [CrossRef]

13. De Quel, Ó.M.; Bennett, S.J. Perceptual-Cognitive Expertise in Combat Sports: A Narrative Review and a Model of Perception-
Action/Habilidades Perceptivo-Cognitivas En Deportes de Combate: Una Revisión Narrativa y Un Modelo de Percepción-Acción.
RICYDE Rev. Int. Cienc. Deporte 2019, 15, 323–338. [CrossRef]

14. Bagot, P.; Fournier, J.F.; Kerivel, T.; Bossard, C.; Kermarrec, G.; Martinent, G.; Bernier, M. Visual Search Strategies of Elite Fencers:
An Exploratory Study in Ecological Competitive Situation. J. Funct. Morphol. Kinesiol. 2023, 8, 106. [CrossRef]

15. Llorens, F.; Sanabria, D.; Huertas, F. The influence of acute intense exercise on exogenous spatial attention depends on physical
fitness level. Exp. Psychol. 2015, 62, 9–21. [CrossRef]

16. Cereatti, L.; Casella, R.; Manganelli, M.; Pesce, C. Visual attention in adolescents: Facilitating effects of sport expertise and acute
physical exercise. Psychol. Sport Exerc. 2009, 10, 136–145. [CrossRef]

17. Delignières, D.; Brisswalter, J.; Legros, P. Influence of physical exercise on choice reaction time in sports experts: The mediating
role of resource allocation. J. Hum. Mov. Stud. 1994, 27, 173–188.

18. Mouelhi Guizani, S.; Bouzaouach, I.; Tenenbaum, G.; Ben Kheder, A.; Feki, Y.; Bouaziz, M. Simple and choice reaction times under
varying levels of physical load in high-skilled fencers. J. Sports Med. Phys. Fitness 2006, 46, 344–351. [PubMed]
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Abstract: This study investigates the effects of a structured motor intervention program
on the development of lower limb strength in junior athletes practicing Greco-Roman
wrestling. Recognizing the crucial role of explosive strength in performing technical and
decisive actions during combat, the research introduces a progressive, applied training
protocol tailored to the neuromotor development of children aged 10 to 12 years (control
group: M = 11.14, SD = 1.10; experimental group: M = 11.07, SD = 0.83). Conducted over
17 months, the study involved two groups of 14 registered wrestlers each from School
Sports Club No. 5 in Bucharest. The experimental group participated in a complementary
motor training program emphasizing plyometric drills, bodyweight strength exercises,
and wrestling-specific movements, while the control group continued with the standard
training routine. The intervention’s impact was evaluated using the OptoJump Next system,
a biomechanical analysis tool measuring key indicators of explosive strength—jump height,
ground contact time, flight time, and reactive strength index (RSI)—through the single-leg
counter-movement jump (CMJ) test. Comparative analysis of pre- and post-intervention
results showed significant improvements in neuromotor performance among athletes in
the experimental group, confirming the effectiveness of the proposed methodology. This
research thus provides a reproducible, evidence-based intervention model with direct
applicability in optimizing the training of young Greco-Roman wrestlers.

Keywords: explosive strength; juniors; Greco-Roman wrestling; intervention
program; OptoJump

1. Introduction

In Olympic wrestling—particularly in the Greco-Roman style—motor qualities such
as explosive strength, reaction speed, and postural stability are fundamental to both
technical and tactical performance. These attributes rely heavily on lower-body efficiency,
which underpins balance, attack initiation, counteractions, and rapid phase transitions
during combat [1,2].

The period of middle childhood and preadolescence (ages 10–12) represents an optimal
window for neuromotor development interventions due to the heightened plasticity of
the central nervous system and the increased adaptability of the musculoskeletal system

Sports 2025, 13, 428 https://doi.org/10.3390/sports13120428
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to training stimuli [3,4]. At this stage, the foundation for reactive and explosive strength
can be effectively developed through functional, age-appropriate methods that avoid
excessive loading.

Recent studies have shown that well-structured and supervised plyometric training
programs can significantly enhance young athletes’ neuromotor performance, directly
influencing sport-specific abilities [5,6]. In Greco-Roman wrestling, lower-limb explosive
strength is essential for executing rapid lifts, disengagements, blocks, and pivots from
unstable positions. Therefore, developing this capacity during formative years has a lasting
impact on athletic performance and helps prevent neuromuscular imbalances or injuries [7].

The assessment of these motor qualities has evolved from subjective evaluation toward
the use of advanced technologies that provide precise, reproducible data. Among the most
widely used tools in performance laboratories is the OptoJump Next system, which enables
objective analysis of reaction speed, coordination, motor control, and neuromuscular
balance. Based on optical sensors, the system allows biomechanical assessment of vertical
jumps and other reactive movements. Measured parameters such as jump height, flight
time, ground contact time, and the reactive strength index (RSI) serve as key indicators for
evaluating lower-limb explosive power [2,8].

Contemporary literature further emphasizes the importance of tailoring motor in-
terventions for junior athletes according to their individual profiles, developmental lev-
els, and wrestling style. Experimental studies support the integration of plyometrics,
bodyweight strength exercises, and sport-specific drills within a safe, progressive, and
well-structured framework [1,9].

In wrestling, technical efficiency depends on the integration of multiple physical
qualities. Explosive strength enables rapid attack initiation (projections, throws, leg entries),
facilitates breaking grips and counterattacks, supports sudden changes in direction, and
provides the energy “burst” needed at decisive moments. Lower-limb strength, as a
combination of force and speed, generates the main impulse for lifts, projections, and
pushes; ensures stability in defensive and ground positions; and maintains pressure in
clinches or edge-of-mat situations. Balance allows athletes to resist pushes and pulls
without losing position, recover quickly after directional changes, and maintain control
during throws. Coordination ensures smooth transitions between techniques (e.g., attack
to counterattack), accuracy in pivots and releases, and efficient movement that minimizes
unnecessary energy expenditure.

This study aligns with current scientific approaches by proposing an applied neuro-
motor development program aimed at enhancing lower-limb explosive strength in junior
Greco-Roman wrestlers [10,11]. The 17-month intervention was objectively evaluated
through repeated OptoJump testing, providing a solid quantitative basis for assessing the
effectiveness of the applied methodology.

The research seeks to strengthen the scientific foundation of training for junior ath-
letes by offering coaches a validated, reproducible model with practical applicability. It
also presents an integrated perspective on how explosive strength can be safely and effec-
tively developed and monitored without compromising the health or natural growth of
young wrestlers.

The study is guided by two central research questions:
What is the effect of a specific intervention program on the development of lower-limb

explosive strength in junior Greco-Roman wrestlers, as measured by the OptoJump system?
Which training methods (exercises and techniques) are most effective for optimizing

lower-limb explosive strength in young wrestlers, considering their age and the demands
of the Greco-Roman style?
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To address these questions, the study is based on the hypothesis that implement-
ing a structured neuromotor development program—centered on plyometric exercises,
functional strength training, and wrestling-specific applications—will produce significant
improvements in the lower-limb explosive strength of junior athletes compared to those
following a standard training regimen. The effectiveness of this program is expected
to be demonstrated through objective data obtained from the OptoJump testing system,
revealing statistically significant gains in the experimental group relative to the control
group.

2. Materials and Methods

2.1. Participants
Research Conditions

The participants included in this experimental research were organized into two
distinct groups of junior athletes: an experimental group (EG) and a control group (CG),
each composed of 14 subjects (n = 14). These athletes, aged between 10 and 12 years, were
registered and actively training in the Greco-Roman wrestling section of School Sports
Club No. 5 in Bucharest (Table 1).

Table 1. Subjects of the Research Groups (Control and Experimental)—Anthropometric Parameters
in the Initial Phase of the Study.

Variables Mean Standard Deviation

CG * EG * CG * EG *

Age (ani) 11.14 11.07 1.10 0.83
Body mass (kg) 53.79 54.64 13.71 18.85
Height (cm) 154.57 156.86 13.19 13.92
BMI 22.4 20.8 3.58 5.1

Variable t-statistic df p-value
Age 0.19 24.18 0.851

Body mass −0.14 23.75 0.893
Height −0.45 25.92 0.659

BMI 0.96 23.31 0.347
CG *—Cotrol group. EG *—Experimetal group. All p-values > 0.05, meaning no statistically significant differences
exist between the control and experimental groups at baseline for age, body mass, height, or BMI. The groups can
be considered comparable before the intervention.

The choice of this size took into account:

A. Available population and selection criteria

The study took place within the School Sports Club no. 5 Bucharest, the Greco-Roman
wrestling section, where the number of athletes aged 10–12 years and comparable level of
training was limited. The inclusion of 28 subjects allowed coverage of the entire eligible
population, while maintaining the practical relevance of the research.

B. Randomisation to remove bias

After identifying the eligible athletes, they were randomly assigned (randomised) to
the two groups using a draw procedure.

Randomization was designed to reduce the influence of subjective factors (e.g., coach
preferences, past performance) and increase the internal validity of the study.

In this way, the initial differences between the groups have been minimised and any
observed effects can be attributed with greater confidence to the experimental programme.

To be eligible, athletes had to meet all of the following conditions:

• Age between 10 and 12 years at the start of the study.
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• Active membership in the Greco-Roman wrestling section of School Sports Club No. 5
Bucharest, with regular attendance at training sessions.

• Minimum training experience (e.g., at least 6 months–1 year) to ensure a basic level of
technical and motor skills.

• Good health status, confirmed by a sports medical certificate, with no conditions that
would prevent participation in high-intensity physical effort.

• Informed consent from parents/legal guardians for participation in the study.

Exclusion Criteria Athletes were excluded if they met any of the following conditions:

• Acute or chronic musculoskeletal injuries, or other medical conditions limiting physical
activity (e.g., cardiac, respiratory problems).

• Frequent absences from training sessions, which could affect the implementation of
the experimental program.

• Concurrent participation in other special training programs or competitions that might
influence the studied variables.

• Lack of informed consent from parents/legal guardians.
• Failure to meet age criteria or club membership requirements.

The two groups were carefully balanced in terms of initial morphological, functional,
and motor characteristics to ensure optimal homogeneity. This homogeneity was essential
for objectively conducting the experimental intervention and created favorable conditions
for comparing the effects of the specific intervention program applied to the experimental
group with those of the standard training program followed by the control group. Ad-
ditionally, age, height, weight, and body mass index (BMI) indicators of the children in
both research groups were analyzed. All subjects were declared medically fit for specific
physical effort, according to their sports medical records. Their participation in the study
was conducted in strict compliance with current ethical standards regarding research in-
volving minors. The experimental protocol was approved by the Ethics Committee of
School Sports Club No. 5 Bucharest (499/11 June 2025), and informed consent was obtained
in writing from the athletes’ parents or legal guardians before the commencement of any
research procedures.

2.2. Study Design

The research was carried out at School Sports Club No. 5 in Bucharest, within a
controlled environment specifically adapted to the training requirements of junior Greco-
Roman wrestlers. The experimental procedures were conducted under real training condi-
tions, while maintaining the methodological rigor characteristic of a systematically planned
intervention study.

The independent variable—the specific intervention program—was applied to the
experimental group over a period of approximately 17 months, from March 2023 to
September 2024 (see Table 2). During this time, athletes in the experimental group par-
ticipated in a structured training program designed to complement the classical training
method, with a particular focus on developing lower-limb explosive strength. In contrast,
the control group continued to follow the club’s standard training regimen, without any
additional exercises or interventions related to the research objectives.

Throughout the study, all working conditions were carefully controlled. The sports
infrastructure (wrestling mats, strength training equipment), training schedule, and coach-
ing staff remained constant for both groups to minimize the potential influence of ex-
ternal variables. Both the initial and final assessments were conducted under identical
conditions—within the same training facility and using the same technological equipment
(OptoJump Next system)—to ensure the validity, reliability, and comparability of the
collected data.

23



Sports 2025, 13, 428

Table 2. Research Stages.

Period Activity

March 2023 Initial Testing
April 2023–August 2024 Implementation of the Intervention Program
September 2024 Final Testing

2.3. Research Content

The present research followed an applied experimental design aimed at evaluating
the influence of a specific neuromotor development program on lower-limb strength in
two groups of junior athletes practicing Greco-Roman wrestling. The intervention program
was structured to enhance explosive strength and motor control through the integration of
plyometric exercises and wrestling-specific techniques.

The research process was organized into four main stages:

1. Documentation and Research Design Stage

During this initial stage, recent specialized literature was analyzed to establish the
theoretical foundation of the study. The research hypothesis and objectives were formulated,
the intervention methods were defined, and the biomechanical indicators relevant for
evaluating lower-limb strength were selected.

2. Initial Evaluation Stage (Pretesting)

The pretesting phase took place at the beginning of the experimental period (March
2023) at the training facility of School Sports Club No. 5 in Bucharest. All participating ath-
letes were evaluated using the OptoJump Next system, performing the countermovement
jump (CMJ) to establish baseline measurements for jump height, ground contact time, and
reactive strength index (RSI).

Previous studies have reported a coefficient of variation (CV%) from 1 to 5%
and an intra-class correlation coefficient (ICC) greater than 0.90 for test–retest assess-
ments using this system, confirming its high accuracy and reliability in evaluating
neuromotor performance.

3. Applied Intervention Stage

The intervention phase was conducted over approximately 17 months (March
2023–September 2024) and involved the implementation of a progressive neuromotor
development program applied exclusively to the experimental group.

The decision to extend the program to 17 months was based on two
primary considerations:

Gradual and safe adaptation: Adequate time was needed for the athletes to pro-
gressively develop fundamental motor capacities—strength, speed, endurance, and
mobility—while minimizing overload and injury risk.

Structured periodization: The 17-month duration allowed for division into macro-
cycles (annual) and mesocycles (monthly or bimonthly), ensuring a logical progres-
sion through the main phases of preparation: general, specific, competitive, and
transition training.

The program incorporated plyometric exercises, wrestling-specific movements aimed
at lower-limb strength development, and functional activities aligned with the technical
demands of the Greco-Roman style. The control group, in parallel, continued their standard
club training program without additional interventions related to the research objectives.

All training sessions were conducted at the facilities and laboratories of School Sports
Club No. 5 in Bucharest under continuous supervision and methodological control.

4. Final Evaluation Stage (Post-testing)
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The post-testing phase was carried out at the end of the intervention period (September
2024) under identical conditions to the pretest. The same equipment, testing protocols, and
evaluation procedures were applied to ensure consistency and data comparability.

The collected results were statistically analyzed to determine the effectiveness of
the intervention and to identify performance differences between the experimental and
control groups.

Through this structured approach, the research seeks to provide scientific validation
for a specific intervention program aimed at developing lower-limb strength in junior
Greco-Roman wrestlers. By utilizing objective, technology-assisted evaluation methods,
the study contributes to strengthening the methodological foundation of physical training
for this age category and offers practical insights for optimizing athletic development in
Greco-Roman wrestling.

2.3.1. Training Methods Used in the Research

Experimental Group—Intervention Focused on Lower Limb Strength Development
and Standing Wrestling Techniques

The program designed for the experimental group targeted specific neuromotor de-
velopment, directly enhancing lower limb explosiveness, reactivity, and stability through
a functional integration of strength components into wrestling techniques performed in
a standing position. Accordingly, the program included advanced plyometric exercises,
functional partner training, tactical and technical applications, and specialized thematic
sequences for Greco-Roman wrestling.

Specific Plyometric Exercises were aimed at increasing reactive capacity and explosive
strength, including:

• Jumps on a mat from a guard position
• Drop jumps with immediate takeoff and repositioning for engagement
• Lateral jumps over a partner, followed by rapid penetration into attack position
• Squat jumps combined with partner lifting exercises

Functional Strength Training Included

• Squats with a partner on the back, for posterior chain development and stability
• Pulls and pushes from a clinch position
• Repeated mannequin lifts using a belt grip
• Circuit exercises incorporating “sumo walks,” lunges with grip, and balance drills

simulating wrestling movements

Technical-Tactical Elements Specific to Greco-Roman Wrestling

• Takedowns via belt grip, lifting, and swinging, emphasizing force
impulse synchronization

• Rotations from torso grasp, placing opponents in disadvantageous positions
• Low-guard penetrations, adjusting center of gravity and efficient lower limb positioning
• Thematic applications where athletes executed techniques immediately after securing

a grip

Reactive and Stability Components Were Developed Through

• Tandem exercises (pushes, resistance, holding)
• Repetitions of low-guard throws using mannequins
• Medicine ball drills (e.g., vertical and lateral throws from strength positions)
• Video feedback and biomechanical corrections regarding lower limb positioning and

technique execution
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This set of methods aimed to optimize physical qualities and wrestling-specific motor
skills simultaneously, ensuring a real transfer between neuromotor development and
competitive performance in Greco-Roman wrestling (see Table 3).

Table 3. The weekly training program.

Day/Focus
Warm-Up

(10–15 Min)
Plyometrics Functional Strength Technical–Tactical Reactive & Stability

Session
Duration

Day 1—
Explosiveness

Dynamic mobility,
wrestling drills

• Jumps from guard
3 × 10

• Drop jumps 3 × 8
• Lateral jumps +

penetration
3 × 6/side

• Squat jumps +
partner lift 3 × 8

Squats w/partner
3 × 10 Mannequin

lifts 3 × 6

Belt-grip takedowns
4 × 5 Torso rotations

3 × 6
– ~75–80 min

Day 2—Strength
& Stability

Dynamic
warm-up,

balance drills

• Jumps from
guard 2 × 10

Squats w/partner
3 × 10 Clinch
pulls/pushes

3 × 20 s Circuit:
sumo walks, lunges

w/grip, balance
(3 rounds, 30 s each,

30 s rest)

Low-guard
penetrations 3 × 8

Tandem pushes/pulls
3 × 20 s Low-guard
mannequin throws

3 × 6 Med ball throws
(vertical 3 × 8,

lateral 3 × 8/side)

~80–90 min

Day 3—Integration
& Simulation

Wrestling-specific
mobility, dynamic

partner drills

• Drop jumps 3 × 8
• Lateral jumps +

penetration
3 × 6/side

Circuit: sumo walks,
lunges, balance (3
rounds, 30 s/30 s)

Thematic sequences:
grip → immediate
technique 4 × 30 s

Belt-grip takedowns
3 × 5

Tandem drills 3 × 20 s
Med ball throws

3 × 8 each
~80–90 min

Control Group—Standard Training Program for the Greco-Roman Style

The control group was trained using a traditional program commonly applied in
beginner or intermediate-level athlete preparation, without biomechanical analysis or
technology-assisted interventions. The training focused on learning and reinforcing fun-
damental techniques of the Greco-Roman style using conventional general and specific
training methods.

General Physical Component Included

• Linear runs and obstacle runs, push-ups, sit-ups, pull-ups
• Basic squats, stationary or dynamic jumps, mobility drills

Technical Exercises Focused On:

• Learning and repeating takedown techniques such as basic belt grip and
balanced throws

• Controlled projections with a partner, without explosive or reactive elements
• Mannequin drills to reinforce fundamental techniques in takedowns and lifts

Tactical Applications Were Conducted Through

• Thematic training fights (engagements without ground transition, responses to
slow attacks)

• Attack/counterattack simulations from fixed guard positions or in restricted spaces
• Paired drills in repeated series, without progressive difficulty increments

Motor Skill Games Targeted:

• Balance maintenance, controlled opposition, gripping and postural stability exercises
• Wrestling-themed games adapted to the athletes’ age

This program ensured a standard training framework without additional optimization
elements, making it ideal for comparing the effectiveness of the intervention applied to the
experimental group.
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2.3.2. Research Variables

In the experimental research conducted at School Sports Club No. 5 in Bucharest,
two groups of young junior athletes followed differentiated training programs designed
to examine the impact of neuromotor development on lower-limb strength parameters.
The methodological design involved the application of an independent variable to the
experimental group, while the control group continued with the standard training program,
in order to highlight potential functional and motor adaptations.

The independent variable was represented by the neuromotor intervention program
applied to the experimental group. This program integrated plyometric exercises, func-
tional strength development methods, and standing wrestling techniques specific to the
Greco-Roman style. It was designed to stimulate the development of explosive strength
and lower-limb reactive capacity, and was carefully adapted to the athletes’ age and
training level.

The dependent variable consisted of the level of lower-limb strength development,
objectively measured using the OptoJump Next system through countermovement jump
(CMJ) testing. The analyzed indicators included jump height, flight time, ground contact
time, and the Reactive Strength Index (RSI), which reflects neuromuscular efficiency and
the ability to generate force rapidly.

By analyzing these variables, the research aims to provide an objective foundation for
evaluating the effectiveness of a targeted strength development program within a specific
wrestling context. Ultimately, the study seeks to contribute to the scientific substantiation
of methodological decisions in the training of young performance athletes.

2.3.3. Statistical Analysis

The data were analyzed using the Statistical Package for the Social Sciences (SPSS, ver-
sion 29.0.2.0; IBM, Armonk, NY, USA). The data collected from various measurements and
tests were subjected to statistical processing using the following procedures and indicators.

For group comparisons, Analysis of Variance (ANOVA) and dependent-samples t-tests
were applied where appropriate. For ANOVA, F-values, p-values, and effect sizes (η2)
were reported, while for dependent-samples t-tests, t-values and p-values were presented.
In addition, Pearson correlation coefficients (r) were calculated to examine relationships
between key variables.

The normality of data distributions was verified using the Shapiro–Wilk test, and the
homogeneity of variances was assessed. All assumptions required for the applied statistical
tests were satisfied.

The sample size was determined a priori using power analysis (G*Power, version
3.1.9.8). Assuming a medium effect size (f = 0.25), an alpha level of 0.05, and a statistical
power of 0.80, the required sample size was calculated as N = 28 participants. Accordingly,
the study included 28 junior athletes (14 in the experimental group and 14 in the control
group), meeting the minimum sample size requirement [12,13].

3. Results

During testing with the OptoJump analysis system, vertical jumps (5JS2D) were
performed, with five repetitions for each leg (right and left). These measurements provided
conclusive data for our research (Figure 1).

Five vertical jumps were performed for each lower limb, with the OptoJump comput-
erized program objectively measuring the following indicators:

• T Cont—ground contact time with the force plate, measured in fractions of a second
• T Flight—flight time (time spent in the air), measured in fractions of a second
• Height—jump height (calculated in cm)
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• RSI—Reactive Strength Index—“The reactive strength index (RSI) is an effective
marker of reactive force due to the rapid shortening caused by prior activation in the
DJ—Drop Jump, also known as the stretch-shortening cycle” [10].

• Pace—jump cadence
• Power—strength (watts/kg)

 

Figure 1. Images of OptoJump Next Testing.

We considered vertical jump performance to be the most relevant indicator for Greco-
Roman wrestling, given the specificity of techniques in this discipline. For this reason, we
conducted all comparative analyses between the subjects of the two research groups based
on this parameter.

3.1. Descriptive Statistics

Control Group vs. Experimental Group

The program produced major improvements in height and power variables (the core
performance parameters), with a large effect size and a clear Group × Time interaction; the
Experimental group progressed significantly more than the Control group.

For Tcont, TFlight, and RSI variables, moderate effects were observed (the Experimen-
tal group shows a better tendency, but not as strong).

Pace variable remained stable → it was not affected by the intervention (see Table 4).

Table 4. Statistical indicators—Control Group and the Experimental Group in the Initial and
Final Testing.

Variable Group
IT ***

(Mean ± SD)
FT ***

(Mean ± SD)
ANOVA (Time, Group) η2 Interpretation

TCont. CG * 0.53 ± 0.19 0.63 ± 0.36 F(1,26) = 4.8, p = 0.038 (T)
ns (G) 0.16 GC increases,

EG decreases at FT
EG * 0.49 ± 0.20 0.42 ± 0.15

TFlight CG 0.16 ± 0.07 0.22 ± 0.10 F(1,26) = 6.4, p = 0.018 (T)
ns (G) 0.12 Both groups increase,

more in EG
EG 0.14 ± 0.05 0.28 ± 0.09

Height CG 4.2 ± 2.5 11.7 ± 8.0 F(1,26) = 45.2, p < 0.001 (T)
F(1,26) = 5.8, p = 0.024 (G) 0.36 Large effect,

clear progress in EG
EG 2.8 ± 1.5 12.6 ± 5.4

Power CG 6.1 ± 5.3 14.2 ± 12.0 F(1,26) = 39.1, p < 0.001 (T)
F(1,26) = 6.2, p = 0.020 (G) 0.34 Strong increase,

EG improves more
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Table 4. Cont.

Variable Group
IT ***

(Mean ± SD)
FT ***

(Mean ± SD)
ANOVA (Time, Group) η2 Interpretation

EG 4.9 ± 2.1 13.9 ± 5.0

Pace CG 1.65 ± 0.30 1.60 ± 0.30 ns ** (T, G) <0.05 Stable variable,
no changes

EG 1.74 ± 0.28 1.55 ± 0.19

RSI CG 0.12 ± 0.08 0.31 ± 0.28 F(1,26) = 5.9, p = 0.022 (T)
ns (G) 0.14 Small increase,

more accentuated in EG
EG 0.07 ± 0.03 0.34 ± 0.17
CG, EG *—control group, experimental group. ns **—not significant. FT, IT ***—Final test, Initial Test.

Inferential Statistics

T-Test—Control Group versus Experimental Group (Final Testing)
In order to find out whether there is a statistically significant difference between the

initial and the final t-test, we apply the Paired Two Sample for Means (t-Test).

• Ground Contact Time (GCT):

The t-statistic obtained for this test was t(26) = 2.71, exceeding the two-tailed crit-
ical t-value (1.67) at a 95% confidence level. The result was statistically significant
(p = 0.01 < 0.05). The mean value of GCT in the control group (0.55 s) was higher than
that of the experimental group (0.37 s), indicating that the experimental training program
effectively reduced ground contact duration. The differences between individual results
and group means were statistically significant, confirming the robustness of this finding.

• Flight Time (FT):

For Flight Time, the test produced t(26) = 3.69, also exceeding the critical t-value (1.67)
with a high level of significance (p < 0.001, 95% confidence). The mean value in the control
group (0.21 s) was lower than that in the experimental group (0.29 s). This statistically
significant difference supports the research hypothesis, indicating improved explosive
performance among athletes in the experimental group.

• Group Consistency:

The control group displayed a higher standard deviation (SD = 0.12), reflecting greater
variability in performance, whereas the experimental group showed a lower SD (0.01) and
a very small coefficient of variation (CV = 0.01), demonstrating high internal consistency
and stability of results.

Overall, the inferential statistical tests confirm that tstat > t(Crit) and p < 0.05 for the
analyzed parameters, allowing the results to be generalized to the broader population of
junior Greco-Roman wrestlers. In other words, if the tests were repeated under similar
conditions, comparable outcomes would be expected (see Table 5).

Table 5. Statistical indicators –Ground Contact Time and Flight Time (CG vs. EG).

Indicators Mean SD CV t Stat
P (T ≤ t)
One-Tail

t Critical
One-Tail

P (T ≤ t)
Two-Tail

t Critical
Two-Tail

Ground Contact Time CG *
EG **

0.55 0.34 0.12
2.71 0.00 1.67 0.01 2.01

0.37 0.09 0.01

Flight Time CG
EG

0.21 0.09 0.01
−3.69 0.00 1.67 0.00 2.01

0.29 0.07 0.01
CG *—control group; EG **—experimental group.
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Based on the values of standard deviation (SD = 8.30; 11.56) and coefficient of variation
(CV = 68.95; 133.7), the results of the control group showed substantial dispersion, indicat-
ing considerable variability in individual performances for both jump height and power.
In contrast, the experimental group demonstrated higher and more consistent performance
levels, reflecting improved homogeneity and training adaptation.

• Jump Height:

The test yielded t(26) = 2.10, which exceeds the two-tailed critical t-value (1.67) at the
95% confidence level. The result was statistically significant (p = 0.01 < 0.05). The mean
jump height of the control group (7.61 cm) was lower than that of the experimental group
(11.60 cm). This significant difference confirms the research hypothesis, indicating that the
neuromotor intervention program effectively enhanced vertical jump performance.

• Power per kg of Body Weight:

For this indicator, the test produced t(26) = 1.21, which is below the two-tailed crit-
ical t-value (1.67). The result was not statistically significant (p = 0.15 > 0.05) at the 95%
confidence level. Although the experimental group showed a higher mean power out-
put (13.50 W/kg) compared to the control group (10.52 W/kg), the difference cannot be
generalized to the entire population since tstat < t(Crit) and p > 0.05.

Nevertheless, even statistically non-significant differences in explosive power can have
practical importance in Greco-Roman wrestling, where subtle variations in force application
often influence the outcome of competitive matches. These findings are summarized
in Table 6.

Table 6. Statistical indicators—Height and Power (CG vs. EG).

Indicators Mean SD CV t Stat
P (T ≤ t)
One-Tail

t Critical
One-Tail

P (T ≤ t)
Two-Tail

t Critical
Two-Tail

Height CG
EG

7.61 8.30 68.95
−2.10 0.02 1.67 0.04 2.01

11.60 1.50 2.24

Power CG
EG

10.52 11.56 133.70
−1.21 0.11 1.67 0.23 2.01

13.50 1.76 3.09

• Jump Frequency (Cadence):

The test produced t(26) = 0.10, which is below the two-tailed critical t-value (1.67) at
the 95% confidence level. The result was not statistically significant (p = 0.15 > 0.05). The
mean jump frequency for the control group (1.56 jumps/s) was nearly identical to that
of the experimental group (1.57 jumps/s), indicating no meaningful difference between
the groups.

• Reactive Strength Index (RSI):

For the RSI, the test yielded t(26) = 0.56, which is also below the two-tailed criti-
cal t-value (1.68), with p = 0.15 > 0.05. The mean RSI in the control group (0.27) was
slightly lower than that in the experimental group (0.32); however, this difference was not
statistically significant.

Since tstat < t(Crit) and p > 0.05 for both indicators, the inferential statistical tests do
not allow these results to be generalized to the broader population. In other words,
if the tests were repeated under similar conditions, comparable results might not be
consistently observed.

• Two-Sample t-Test Summary:
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When comparing the control and experimental groups, the two-sample t-test assuming
equal variances revealed statistically significant differences for Ground Contact Time, Flight
Time, and Jump Height. In contrast, no significant differences were found for Power, Jump
Frequency (Cadence), or the Reactive Strength Index.

These findings indicate that the neuromotor intervention program applied to the
experimental group had a stronger and statistically validated effect on explosive movement
parameters (contact time, flight time, and jump height). Although notable numerical
differences were observed for power, cadence, and RSI, they did not reach statistical
significance. This suggests that while the training program improved several key aspects
of explosive performance, further research is warranted to optimize its effects on power
output and reactive strength (Table 7).

Table 7. Statistical indicators –Cadence and Reactive Strength Index—RSI (CG vs. EG).

Indicators Mean SD CV t Stat
P (T ≤ t)
One-Tail

t Critical
One-Tail

P (T ≤ t)
Two-Tail

t Critical
Two-Tail

Cadence CG
EG

1.56 0.37 0.14
−0.10 0.46 1.67 0.92 2.01

1.57 0.18 0.03

Reactive Strength
Index (RSI)

CG
EG

0.27 0.50 0.24
−0.56 0.29 1.68 0.58 2.01

0.32 0.16 0.03

3.2. Statistical Association

Correlation Coefficient—Control Group

A strong positive correlation was observed among the following indicators: Flight
Time, Jump Height, Power per kg of body weight, and Reactive Strength Index
(RSI) (Table 8). All these parameters represent distinct expressions of lower-limb
force production.

Table 8. Correlation between Variables—Control Group.

Control Test T Cont. T Flight Height Power Pace RSI

Test 1.00
T Cont. 0.04 1.00
T Flight 0.37 −0.03 1.00
Height 0.33 −0.08 0.90 1.00
Power 0.29 −0.16 0.81 0.92 1.00
Pace −0.08 −0.67 −0.42 −0.31 −0.20 1.00
RSI 0.26 −0.19 0.72 0.88 0.99 −0.13 1.00

• Flight Time and Jump Height:

A very strong positive correlation was found between Flight Time and Jump Height (r
= 0.90). In addition, Flight Time showed strong correlations with Power per kg of body
weight (r = 0.81) and with the Reactive Strength Index (r = 0.72). Practically, this indicates
that athletes who exhibit longer flight times also tend to achieve greater jump heights and
higher levels of power output and reactive strength.

• Jump Height and Power/Reactive Strength Index:

Jump Height demonstrated a very strong positive correlation with both Power
per kg of body weight (r = 0.92) and the Reactive Strength Index (r = 0.88). These find-
ings suggest that athletes capable of achieving greater jump heights also display higher
power output and greater reactive strength, emphasizing the interdependence of these
performance indicators.
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• Power per kg Body Weight and Reactive Strength Index:

An almost perfect positive correlation was identified between Power per kg of body
weight and RSI (r = 0.99), indicating that increases in relative power are almost directly
proportional to increases in reactive strength. This reinforces the notion that both variables
capture closely related aspects of explosive neuromuscular performance.

• Jump Frequency and Ground Contact Time:

In contrast, a moderate negative correlation was found between Jump Frequency and
Ground Contact Time (r = −0.67), suggesting that higher jump frequencies are associated
with shorter ground contact times—a desirable feature in explosive athletic movements.

• Jump Frequency and Flight Time/Jump Height:

A small negative correlation was observed between Jump Frequency and both Flight
Time (r = −0.42) and Jump Height (r = −0.42). This relationship is expected, as increases in
Flight Time and Jump Height (indicating greater power generation) are typically accompa-
nied by a reduction in jump cadence. Conversely, higher jump frequencies are associated
with shorter flight times and lower jump heights, reflecting a trade-off between frequency
and power expression (Table 8).

Correlation Coefficient—Experimental Group

In Table 9 a strong positive correlation is observed between:

• Flight Time and Height (r = 0.98), Flight Time and Power (r = 0.98), and Flight Time
and Reactive Strength Index (r = 0.96): This indicates that high values of Flight Time
are associated with high values of Height, Power, and the Reactive Strength Index.

• Height and Power (r = 0.98) and Height and Reactive Strength Index (r = 0.97): In other
words, high jump heights are associated with high power output and high values of
the reactive strength index (with a correlation of r = 0.99 reported in one instance).

• Power and Reactive Strength Index (r = 0.99): Very high power values are, therefore,
almost perfectly associated with very high Reactive Strength Index values.

Table 9. Correlation between Variables—Experimental Group.

Experiment Test T Cont. T Flight Height Power Pace RSI

Test 1.00
T Cont. −0.37 1.00
T Flight 0.81 −0.32 1.00
Height 0.78 −0.30 0.98 1.00
Power 0.78 −0.37 0.98 0.98 1.00
Pace −0.35 −0.37 −0.63 −0.58 −0.57 1.00
RSI 0.76 −0.40 0.96 0.97 0.99 −0.50 1.00

A moderate positive correlation is observed between:

• Jump Cadence and Reactive Strength Index (r = 0.50): This means that higher
jump cadence values tend to be associated with moderate increases in the Reactive
Strength Index.

On the other hand, there is a small negative correlation—without statistical
significance—between:

• Ground Contact Time and Flight Time (r = −0.32)
• Ground Contact Time and Height (r = −0.30)
• Ground Contact Time and Power (r = −0.37)
• Ground Contact Time and Jump Cadence (r = −0.37)
• Ground Contact Time and Reactive Strength Index (r = −0.40)
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These negative correlations indicate that longer Ground Contact Times are associated
with lower values of Flight Time, Height, Power, Jump Cadence, and the Reactive Strength
Index. In practical terms, when the expression of force (in the form of power) is lower,
Ground Contact Time tends to be higher.

4. Discussion

This study contributes to the specialized literature on optimizing the physical and
technical-tactical training of junior Greco-Roman wrestlers by introducing an interven-
tion program focused on developing lower-body strength and executing techniques in
a standing position. A distinctive feature of this research is the use of the OptoJump
system for precise quantification of neuromotor performance, providing an objective
evaluation framework [14–16].

According to recent studies, the performance of Greco-Roman wrestlers is closely
linked to explosive strength and reaction ability, particularly in executing offensive ma-
neuvers initiated from a standing position. These components are essential in an acyclic
sport characterized by rapid alternation between maximum-intensity efforts and phases of
control or energy conservation [17–20]. The findings of our research, which showed a sig-
nificant increase in jump height and the Reactive Strength Index (RSI) in the experimental
group, suggest that these characteristics may play a relevant role in athletic performance,
although their direct contribution to competitive success requires further investigation.

The specific effort required in Greco-Roman wrestling places continuous demands
on the neuromuscular system under conditions of constant contact with the opponent,
where reaction speed and motor coordination are decisive factors [21,22]. Therefore, the
selection of training methods such as plyometric jumps, dummy lifts, and clinch-position
exercises facilitated a direct transfer between physical development and the application of
sport-specific techniques.

Mocanu et al. (2023) [23] emphasize that junior competitive performance is determined
not only by general physical preparation but also by its integration into tactical contexts
similar to competition scenarios.

Furthermore, the homogeneity of performance within this group, observed in statisti-
cal analysis, aligns observations on the positive effects of sport-specific adapted programs
in standardizing performance [24].

An additional explanation of the observed progress lies in the differentiated method-
ological approach. While the control group followed a conventional training regimen
focused on general exercises and fundamental techniques, the experimental group ben-
efited from functional stimuli tailored to competition demands. This methodological
distinction also explains the more modest progress recorded by the control group, a finding
supported by Nagovitsyn et al.’s (2019) [25] research on the necessity of adapting training
programs to the neuromotor profile of young wrestlers.

Moreover, recent studies indicate that utilizing technological measurement systems
such as OptoJump not only ensure objectivity but also enhance athletes’ motivation and
engagement in the learning process [26–29]. Although no direct questionnaire-based
evaluation was conducted, this observation is indirectly supported by the behavior of the
athletes in the experimental group, who consistently demonstrated active engagement
and a more rapid adaptation to the technical and physical demands of training. This
indirect evidence should, however, be interpreted with caution, as subjective measures of
perception and motivation were not systematically collected.

Plyometric exercises combined with wrestling techniques, along with the inclusion of
tactical sequences under opposition conditions, have facilitated a genuine transfer between
the development of neuromotor qualities and their applicability in actual combat. The
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effectiveness of this training approach is supported by recent literature, which advocates
for aligning physical preparation with the biomechanical and tactical demands of combat
sports [30–33]. Additionally, integrated training methods that incorporate complex motor
tasks within decision-making contexts have been shown to contribute to the develop-
ment of advanced neuromotor control and the execution efficiency of techniques under
competitive conditions [34–37].

In this context, it is essential to highlight that neuromotor development is not merely
a consequence of increased exercise volume but, more importantly, of the quality of these
stimuli and how they are integrated into the technical-tactical content specific to Greco-
Roman wrestling [38–41].

Limits. While the findings provide valuable insights into the effectiveness of a struc-
tured motor intervention program for junior Greco-Roman wrestlers, several limitations
should be acknowledged. First, the sample size was relatively small (n = 28), which may
limit the generalizability of the results to larger or more diverse populations. Second, the
participants were recruited from a single sports club, meaning that contextual factors such
as coaching style, training culture, and facilities may have influenced the outcomes. Third,
although the intervention spanned 17 months, longer-term follow-up was not conducted, so
it remains unclear whether the observed improvements are maintained over time. Finally,
the study focused primarily on explosive strength parameters (e.g., CMJ performance, RSI,
flight and contact times), while other relevant dimensions of athletic performance, such as
technical execution under fatigue or injury risk, were not assessed.

5. Conclusions

The study conducted on the impact of a structured neuromotor development program
has highlighted significant advancements in lower-limb power among junior Greco-Roman
wrestlers. Over a 17-month period, the experimental group, which engaged in a specialized
training regimen that included plyometric exercises, body-weight strength applications,
and wrestling-specific drills, showed marked improvements in key explosive power metrics.
These results underscore the effectiveness of the proposed intervention model, providing
coaches and trainers with a reproducible approach to optimize the training of young
wrestlers. Future research should continue to explore the long-term benefits of such
targeted training programs across various age groups and competitive levels in wrestling.
The originality of this research lies in its integrative approach, which combines neuromotor
development with sport-specific applications in Greco-Roman wrestling for young junior
athletes. Furthermore, the research employs objective biomechanical monitoring tools,
such as the OptoJump system and video feedback, to quantify performance changes and
refine technical execution. By contrasting this with a control group following conventional
methods, the study highlights the efficacy of the intervention and provides a practical,
replicable methodological framework for coaches to support the athletic development of
young wrestlers. This represents both the scientific innovation and applied expertise of
the research.
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Abstract: This study compared the effects of core (CTG) or mobility training (MTG) on
basketball-specific skills in youth players, focusing on dynamic balance. Both training
modalities have a recognized role in enhancing performance, but few studies have exam-
ined their impact on this population. Thirty-one young (age 14.71 ± 2.27 years) males
were assigned to an 8-week CTG or MTG. Overhead Squat, Y-Balance Test, Agility T-
Test, Sit-and-Reach, Functional Hop Tests, and the Balance Error Scoring System were
assessed before (pre) and after (post) the intervention for both dominant (D) and non-
dominant (ND) limbs. Both groups improved the postero-lateral direction of the Y-Balance
Test for the D (CTG, MD [95% CIs] = −8.108 [−15.620, −0.595], p = 0.035; MTG, MD
[95% CIs] = −15.234 [−23.512, −6.956], p = 0.024) and ND (CTG, MD [95% CIs] = −9.110
[−16.150, −2.070], p = 0.013; MTG MD [95% CIs] = −13.899 [−21.657, −6.141], p = 0.001)
limb and the medial reach for D (CTG, MD [95% CIs] = −17.279 [−26.364, −8.194], p =
0.001; MTG, MD [95% CIs] = −22.050 [−32.061, −12.039], p = 0.03) and ND (CTG, MD
[95% CIs] = −9.309 [−17.093, −1.526], p = 0.021; MTG, MD [95% CIs] = −13.614 [−22.190,
−5.037], p = 0.003), the Overhead Squat Test (CTG, MD [95% CIs] = −3.059 [−3.797, −2.321],
p = 0.001; MTG, MD [95% CIs] = −3.643 [−4.456, −2.830], p = 0.001), and Agility T-Test
(CTG, MD [95% CIs] = 0.572 [0.072, 1.073], p = 0.026; MTG, MD [95% CIs] = 0.696 [0.145,
1.248], p = 0.024) skills. Only CTG showed a significant improvement (MD [95% CIs] =
−8.294 [−16.162, −0.426], p = 0.04) in single-leg hop performance for the ND limb. No
significant improvements were observed in static balance or flexibility. No time × group
effect was found. Both interventions improved key basketball-specific motor abilities and
could be added to the basketball training session without adverse effect.

Keywords: team sport; performance; youth sport; neuromuscular control; balance; range
of motion
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1. Introduction

Basketball is a high-intensity, intermittent team sport characterized by frequent acceler-
ations and decelerations, rapid changes in direction, and vertical jumps that impose specific
physical demands on athletes, requiring speed, power, and endurance to perform effec-
tively [1]. Advancements in training strategies and modifications to the game’s rules have
contributed to an increasingly fast-paced and physically demanding sport. Consequently,
optimal physical conditioning, including good mobility, balance, agility, and, in general,
the development of good neuromotor function [2], has become a key factor for basketball
players, not only for maximizing performance but also for maintaining physical integrity
and reducing injury risk. In response, physical conditioning programs have evolved to
incorporate not only traditional sport-specific skills and general strength and endurance
training, but also functional components designed to enhance these key motor abilities
required for the game. Among these, core and mobility training have garnered increased
attention in recent literature for their potential to both improve athletic performance and
mitigate injury risk [3–9].

The core, which comprises the lumbopelvic–hip complex, functions as a central con-
duit for force transmission between the upper and lower extremities. In basketball, many
movements originate in the lower limbs and culminate in upper-body execution (e.g., shoot-
ing, passing, rebounding). Sasaki et al. [10] examined the effect of core training in drop
landings and single-leg squats in basketball players, reporting partial improvements in
both. Hessam et al. [4] demonstrated that a 12-week core training program led to significant
improvements in agility and dynamic balance in adolescent basketball players, directly
linking core stability to these performances.

Mobility training, frequently mischaracterized as solely preventative, is increasingly
recognized as a critical component of performance optimization. Mobility is not only
related to joint range of motion but also gives information about neuromuscular control
throughout that range under dynamic conditions [11]. Cook and colleagues demonstrated
that exercises such as the deep squat are a predictive tool for evaluating the functional
mobility of the hips, ankles, and shoulders, while also assessing motor control and core
stability [12]. Limited joint mobility, particularly in the hips, shoulders, and ankles, has
been associated with dysfunctional movement patterns, elevated injury risk, and decreased
power output [13]. Enhancing mobility facilitates access to biomechanically advantageous
positions, improves movement efficiency, and supports the execution of sport-specific
skills such as the defensive stance or triple-threat position [14]. Mobility training, par-
ticularly focusing on the hips, has been shown to directly enhance functional range of
motion and transfer to improvements in agility and sprint times in high school basketball
players [15]. On the other hand, there are currently no studies linking hip mobility training
with improved dynamic balance in young basketball players.

Therefore, the available evidence suggests that core training seems primarily to en-
hance the stability and efficiency of the kinetic chain, which is essential for powerful,
coordinated movements such as jumping, cutting, and absorbing contact. In contrast,
mobility training focuses on optimizing the range of motion and neuromuscular control
around joints, which is a prerequisite for achieving optimal biomechanical positions and
preventing movement restrictions that can lead to inefficiency or injury. However, a direct
comparison of the effects of these two training methods on the same motor skill, assessed
with standardized tests, is lacking. Addressing this gap is essential to determine whether
each method has a specific efficacy, as they appear to target different yet complementary
aspects of basketball performance. Such a comparison would allow for the optimal in-
tegration of each methodology, in terms of timing and objectives, alongside traditional
sport-specific skill training. In basketball players, deficits in balance are a common risk

39



Sports 2025, 13, 398

factor for lower limb injuries [16]. For these reasons, the primary aim of our study will
be to analyze the effect of the two training modalities on dynamic balance as assessed
by a standardized test. Our secondary objective will be to compare any differences and
simultaneous effects of the two modalities on the basketball-specific skills, agility, mobility,
and flexibility.

By integrating these protocols into standard youth basketball practice, this study seeks
to elucidate the most efficient training strategy for optimizing key physical qualities. The
rationale for this comparison is not to determine a superior training modality per se, but to
investigate whether core and mobility training elicit distinct, sport-specific adaptations. It
is hypothesized that core training will preferentially enhance agility and dynamic balance
by improving trunk stabilization and force transfer during rapid directional changes.
In contrast, mobility training is expected to yield greater improvements in functional
movement patterns by addressing joint kinematics and neuromuscular control, which are
critical for achieving the deep stances and full ranges of motion required in basketball. The
intervention protocols and the test battery proposed in this study have been specifically
designed to reflect this rationale.

2. Materials and Methods

2.1. Participants

We recruited 36 basketball players belonging to the youth categories of the “Sporting
Club Adrano A.S.D” basketball team (Catania, Italy). All the participants followed the same
weekly basketball training routine, training three days per week for 90 min per session, for
a total weekly basketball training volume of 270 min.

Individuals were eligible if they were without lesions or trauma to bones, ligaments,
tendons, or muscles of the lower extremities in the previous 6 months, had no prior diagno-
sis of orthopedic disorders, and with at least 1 year of basketball experience. Participants
were excluded if they did not meet the inclusion criteria, if they had stopped practicing
basketball, or if they were regularly engaged in other sports disciplines. The study was
conducted following the Declaration of Helsinki and was approved by the Scientific Com-
mittee of the ‘Research Center on Motor Activities’ at the University of Catania (Catania,
Italy), protocol CRAM-57-2024, date of approval 17 July 2024. Before participation, all
athletes read an informed consent form for the anonymous use of their data, which was
then signed by their legal guardians and the adolescents themselves to participate in the
study. They also completed a self-reported questionnaire, which served to confirm their
eligibility and to gather personal information, lifestyle details, and information about their
training habits. The “Waterloo Footedness Questionnaire” [17] was administered to identify
the dominant (D) and non-dominant (ND) leg.

2.2. Study Design

Athletes were randomly distributed to two homogeneous groups: the core training
group (CTG) (n = 18) or the Mobility Training Group (MTG) (n = 18). CTG conducted
exercises that included concentric, eccentric, and isometric contractions targeting both
deep and superficial core muscles. For the MTG, the protocol included static and dynamic
stretching and targeted mobility exercises for key joints involved in basketball. We used
block randomization [18], which provided a better guarantee that both groups would be
of nearly equal size and have a similar age distribution. We defined the blocks accord-
ing to three categories: U13, U15, and U19. Before participant enrollment, the primary
investigator (A.A.) determined the sequence of random assignment to the two intervention
groups (mobility training or core training) for the three blocks by using the Excel formula
“=RANDOM ()”. This allowed us to maintain the allocation concealment. Then, a research
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assistant (M.T.) randomly drew the names of the participants from a pool and assigned
them sequentially to the pre-established group sequence. This ensured that the researchers
involved in enrolling participants could not know the upcoming group assignment, thus
preventing selection bias.

All participants completed a test battery that identified tests suitable for analyzing
the specific skills for basketball performance. The outcome assessors, M.P., together with a
research assistant, conducted the physical performance tests and were blinded to the group
assignment of the participants. M.P. and the research assistant were not involved in the
training interventions. Participants were also instructed not to disclose their training group
affiliation to the assessors.

The battery test (adapted from Read et al. [19] and Bird et al. [20]) was performed
before (T0) and after (T1) 8 weeks of training and included seven tests, covering the mobility,
agility, and static and dynamic balance skills. The tests included the Overhead Squat Test
(OST), the Back Scratch Test, Sit-and-Reach Test (SRT), Agility T-Test, Y-Balance Test (YBT),
Functional Hop Test, and Balance Error Scoring System (BESS).

2.3. Mobility, Balance, and Agility Assessment
2.3.1. Overhead Squat Test

OST is a validated test included in the “Functional Movement Screen” that gives
important information about the specific mobility of the basketball player and any motor
dysfunction of the hips, knees, and ankles [19,21,22]. The specific scoring protocol used
in this study is adapted from the original description by Cook et al. [12], and subsequent
validation work by Minick et al. [23]. Participants had to perform eight consecutive squats
with hands at the level of the iliac crests and two squats with arms extended above the
head with feet not exceeding shoulder width. The operator was instructed to observe
the behavior of the ankle joint, knee joint, and pelvis. A poor ability to maintain pelvic
anteversion during movement, visibly impaired degrees of bending of the ankle and knee
joints, and lateral movements of the latter (stance in valgus or varus). If none of these issues
were present, each joint received a score of one. This phase of the test, performed with the
hands placed on the hips, provided a maximum of 3 points available (one point for each of
the three areas assessed: ankles, knees, and pelvis).

After one minute, the test was repeated with the arms extended above the head to
assess the mobility of the shoulder joint and ankle dorsiflexion under closed kinetic chain
conditions. In case the athlete’s ear was visible during the squat, this meant poor mobility
of this joint, so a score of zero was assigned; otherwise, a score of one was assigned. Ankle
dorsiflexion was evaluated by observing whether the tibia remained parallel to the torso
in the sagittal plane. If not, the score was zero; otherwise, the score was one. This second
phase evaluated both left and right shoulders and ankles, for a maximum of 4 points.
Finally, the scores from all 7 criteria (3 from the first phase and 4 from the second) were
summed to obtain the total OST score. A higher score reflected better movement quality
and control during the squat.

2.3.2. Back Scratch Test

The Back Scratch Test was developed and validated to evaluate upper-body flexibil-
ity [24]. We measured the total shoulder range of motion by recording the distance (negative
value) or overlap (positive value) in cm between the middle fingers as they reached be-
hind the back. The participants performed the test twice with each arm, alternating sides,
with no recovery time between right and left limbs; the final score in cm was considered
the best attempt from both arms. The operator measured laterally to the hand that was
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above, between the two extremities of the middle fingers, when there was an overlap
between hands [25].

2.3.3. Sit-and-Reach Test

The SRT is a reliable and validated method for assessing the flexibility of the back
muscle chain [26]. The assessment is carried out using a standardized box (Baseline 12-1085,
Fabrication Enterprises, New York, NY, USA). Participants sat on the floor with their legs
fully extended and the soles of their feet placed flat against the front of the box. From
this starting position, participants were instructed to inhale, then exhale while bending
forward at the waist with arms and fingers extended, reaching as far as possible along the
centimeter scale positioned on top of the box. Three repetitions were performed, and the
average of the three attempts was considered for data analysis. There was no recovery
time between sets, as only the time needed to slowly return to the starting position was
allowed. The effectiveness of doing three repetitions to obtain a reliable result in SRT has
been previously demonstrated [27].

2.3.4. Agility T-Test

The most commonly used test to assess agility is the Agility T-Test. According to the
protocol, originally described by Semenick [28] and validated for reliability and validity
by Pauole et al. [29], participants were required to sprint forward from a starting line,
touch the first cone 10 m in front of the starting line with the right hand, shuffle left 5 m
and touch the second cone with the left hand, shuffle right 10 m and touch the third
cone with the right hand, shuffle back 5 m to the first cone, then backpedal 10 m as fast
as possible to the start line [30]. First, the test administrator explained and performed
the test slowly. Then, the participants performed a familiarization repetition of the test,
followed directly by a single test at maximum intensity, during which the time (in seconds)
was recorded.

2.3.5. Balance Error Scoring System

The BESS is designed to assess an individual’s ability to maintain static balance.
The protocol and error scoring criteria used were based on the original development by
Riemann et al. [31] and the subsequent widespread application and review by Bell et al. [32].
Participants had to maintain six conditions: double-leg stance, single-leg stance (on the
ND leg), and tandem stance (ND foot behind the D one), for 20 s with eyes closed on both
a firm and foam surface. A 20 s rest was provided between conditions. One error point
was recorded for: opening the eyes; removing hands from the hips, stepping, stumbling,
or falling; lifting the forefoot or heel; moving the hip into more than 30◦ of abduction; or
remaining out of the test position for more than 5 s. The final BESS scores were the sum of
errors for all conditions.

2.3.6. Y-Balance Test

The YBT is a valuable musculoskeletal screening tool to assess dynamic balance and
the identification of lower limb and trunk movement dysfunction in basketball players [33].
Plisky et al. demonstrated that diminished performance on the YBT is associated with
an increased risk of non-contact lower extremity injuries [34]. Its validity in basketball is
further supported by its close approximation of the split-stance posture, a common and
functional biomechanical position frequently adopted during gameplay.

We followed the methodology of Fullam et al. [35] and the original, foundational
protocol described by Plisky et al. (2006) [36]. We constructed a “Y” with tape on the
floor, one oriented anteriorly and the other two in the posteromedial and posterolateral
directions, both at a 135-degree angle to the first. The three arms of the “Y” were then
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calibrated with the tape measure to simplify the collection of results. The athlete stood in
the center of this “Y,” with his toe resting at the point of convergence of the three pieces of
tape, barefoot and with his hands on his hips. The goal was to move a reach block as far as
possible with the non-supporting foot along the anterior directions (ANT), posteromedial
directions (PM), and posterolateral directions (PL), without crushing it or putting pressure
on the floor, without performing a push on the reach block to make it go farther, and
return with the non-supporting foot to the supporting foot without touching the floor. The
distance traveled by the reach block was then measured with a meter from the point of
convergence of the arms of the “Y” to the nearest edge of the reach block in each direction
and for both D and ND limbs. Therefore, the six derived measures (D ANT, D PL, D
PM, ND ANT, ND PL, and ND M) in cm were considered separately for data analysis.
To reduce confounding by anthropometry, normalized reach distances were calculated
for each measure using the following formula: Reach distance ÷ Limb length × 100. The
YBT protocol and normalization procedure have demonstrated excellent inter-rater and
test–retest reliability [34]. Participants completed a single familiarization trial before the
test for both the D and ND limbs.

2.3.7. Functional Hop Tests

The Functional Hop Tests are a validated battery test [37] that offers valuable insight
into lower limb strength, explosive power, and dynamic stability [38,39]. The specific
procedures were implemented as per the original reliability studies by Ross et al. [37]
and the normative data collection in basketball players by Myers et al. [39]. The test was
conducted in 4 stages:

1. Single-Leg Hop for Distance: The athlete begins on the testing leg with his toe at
the starting line and performs a forward hop, landing on the same leg. The distance
is measured from the starting line to where the heel lands. The athletes were in-
structed to stabilize the landing with good control and minimal movement for at least
three seconds.

2. Triple Hop for Distance: Starting on the testing leg with the toe at the start line, the
athlete performs three powerful forward hops using the same leg. The total distance
was measured from the start to the heel’s landing point after the third hop. Athletes
were instructed to maintain balance and hold the final landing position steadily for a
minimum of three seconds.

3. Crossover Triple Hop for Distance: The athlete stands on the same side of a centerline
tape as the leg being tested (e.g., right side for the right leg), with the toe at the start
line. Each participant performs three continuous hops forward, crossing over the tape
in a zig-zag pattern with each hop. The total distance was measured to the heel’s
landing after the third hop. The athlete was instructed to hold the final position with
control and limited sway for at least three seconds.

4. Six-Meter Timed Hop on One Leg: The athlete started on the testing leg with the toe
on the start line. On the command “3, 2, 1, go,” he was instructed to hop as quickly as
possible over a six-meter distance using only that leg. The timer was stopped when
the athlete crossed the six-meter finish line.

Participants performed one submaximal trial for each stage to familiarize themselves
with the task. Then, they performed three maximal trials for both D and ND limbs for each
of the four stages. The best hop distance of the three trials for the first, second, and third
stages was used for statistical analysis [39,40]. Participants had 30 s of rest between the
trials of the same stage and one minute of rest between stages [41].
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2.3.8. Training Programs

The exercise interventions are described in accordance with the Consensus on Exercise
Reporting Template (CERT) guidelines [42] to enhance the clarity, reproducibility, and
completeness of the intervention reporting. Participants performed the training session
under the supervision of an Italian basketball federation coach (M.T.), who also collected
information on adherence to exercise by calling the roll of all players involved in the study
at each session. Additionally, during the session, M.T. was required to record any adverse
events reported by participants, including the onset of pain or fatigue before, during, or
after the protocol. Both groups trained three times per week for 8 weeks before their
ordinary basketball training session for a total of 24 sessions.

2.3.9. Core Training Protocol

The protocol was adapted from Sasaki et al. [10] and consisted of three exercises:
plank, side plank, and Nordic hamstrings exercise (NHEs). Planks and side planks were
performed for two sets of 30 s, while the NHE was performed once for progressively
3 to 15 repetitions according to the protocol [10]. The recovery time between sets and
between exercises was 30 s to maintain the basketball game’s physiological demands of a
1:1 work-rest ratio of [43].

The plank was performed by resting the forearms and toes on the ground, keeping
the pelvis tilted backward to increase the work of the abdominal muscles. The exercise
consisted of two sets of thirty seconds each (Figure 1a). From week 5 to week 8, the
difficulty level of the exercise increased, and the participant had to lift a limb and hold
the position throughout the series (30 s). In the first series, one limb was kept lifted, and
in the next series, the contralateral limb was kept lifted (Figure 1b). The side plank was
performed by lying on the side on the ground, keeping the head, shoulders, torso, pelvis,
and lower limbs aligned. The forearm was placed on the side on which the athlete rested,
and the leg of the same side on the ground; then, a ninety-degree bend at knee level was
performed. In addition, the hip closest to the ground was lifted to keep the obliques and
transverse muscles in tension. The lower limb farthest from the ground was kept raised off
the ground, in line with the rest of the body (Figure 1c). After the first 4 weeks, to increase
the level of difficulty, the exercise was performed by stretching the lower limb resting on
the ground (Figure 1d). The exercise consisted of two sets of thirty seconds per side. Plank
exercises were included to target the anterior core stabilizers, critical for maintaining spinal
alignment and facilitating force transfer during athletic movements [44]. To perform the
NHE, athletes started from a kneeling position, with the support of a partner sitting on
the athlete’s legs, and they had to let themselves fall forward, slowing down the fall as
much as possible and keeping the torso and pelvis vertical (Figure 1e). The NHE was
included as a key component of the core training program, being an effective hamstring
strengthener and putting high demand on lumbopelvic stabilizers. Electromyographic
studies confirmed that the NHE elicits moderate-to-high activation of the erector spinae
and internal oblique muscles, which are essential for maintaining a neutral spine and
stable pelvis against the gravitational and inertial forces during the eccentric lowering
phase [44–46], critical for the transfer of forces across the kinetic chain. We assumed
that the NHE would enhance core stability under dynamic, high-load conditions, with a
direct transfer to the functional outcomes assessed in this study. Specifically, improved
lumbopelvic control is a known determinant of performance in dynamic balance tasks
like the YBT [47] and contributes to more efficient force transfer during the deceleration
and re-acceleration phases of agility and hopping tasks [48,49]. Therefore, the NHE was
selected to improve the integrated stability and function of the posterior chain, which is
fundamental to basketball performance. The repetitions ranged from three to five for the
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first level, five to ten for the second level, and ten to fifteen for the third level (reached
progressively over the 8 weeks). The exercise was performed in a single set.

Figure 1. Core training exercises. The figure shows pictures of the Participant performing each
exercise of the core training protocol: (a) Plank level 1; (b) plank level 2; (c) side plank level 1; (d) side
plank level 2; (e) Nordic hamstring.

2.3.10. Mobility Training

The protocol, including a 30 s rest between each exercise, was adapted from Antoranz
et al. [15].

The first exercise was the 1 min 90–90 hip rotation, focusing on stretching the hip
flexors and increasing external hip rotation. The athletes were sitting on the floor with their
legs in a 90–90 position. They gently rotated their hips outward, thus bringing their knees
toward the ground (Figure 2a). The exercise lasted one minute for one repetition.

The second exercise was the half-kneeling ankle mobility. Athletes started from the
lunge position with the knee on the ground, and they brought the front knee forward to
induce a dorsal flexion of the tibio-tarsal joint. Athletes had to maintain the position for
30 s per leg for one repetition (Figure 2b). No recovery was allowed between left and right
limb repetition. This drill targets ankle dorsiflexion, which is a known limiting factor in
Overhead Squat performance and dynamic balance [50].

The third exercise was the half-kneeling hamstring stretch. From the starting position
of the previous exercise, athletes extended the leg of the front knee forward to generate
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a stretch of the hamstrings, maintaining a 90 degree angle between the trunk and the
extended leg. When they reached the maximum stretch phase, they kept it for 2 s, and
then they returned to the starting position. The exercise lasted 30 s for each leg and was
repeated once (Figure 2c).

Figure 2. Mobility training exercises. The figure shows pictures of the Participant performing each
exercise of the Mobility training protocol: (a) 90–90 hip rotation; (b) half-kneeling ankle mobility;
(c) half-kneeling hamstring; (d) squat with chest rotation; (e) cat-camel.

The fourth exercise was the squat with chest rotation. The athletes performed a squat
starting from a standing position with the shoulders abducted at 90◦ and the elbows also
flexed at 90◦. At the maximum squat phase, they twisted their torso in both directions,
ensuring that the pelvis does not rotate towards the side of the twist (Figure 2d). A set of
12 repetitions was performed on each side. The last exercise was the cat-camel. The athletes
started in a quadruped position, with hands at shoulder height and knees at hip height.
From this position, creating an anteversion of the pelvis, they brought the abdominal area
towards the ground, keeping the shoulders and knees fixed. After holding the position for
two seconds, they did the opposite, arching their back toward the ceiling, thus causing a
retroversion of the pelvis. The exercise was repeated once for one minute (Figure 2e).

2.4. Load Progression and Session Structure

To ensure a progressive and comparable internal load to the CTG, the progression
criteria for the mobility exercises were based on the controlled increase in the range of
motion (ROM) and movement quality. For the static exercises (90–90 hip rotation and
half-kneeling ankle mobilization), participants were instructed to gradually increase the
stretching intensity week by week, aiming for mild discomfort without pain. For the
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dynamic exercises (half-kneeling hamstring stretch, squat with thoracic rotation, and
cat-camel), the progression focused on achieving a greater ROM and superior motor
control with each repetition, while the execution time and repetition count remained
fixed. Both training protocols were designed to be matched for total time under ten-
sion. Excluding one exercise per protocol where repetitions were the metric (NHE for
core training; squat with thoracic rotation for mobility training), both sessions had an
identical total duration of 6 min and used consistent 30 s rest intervals between sets
and exercises.

2.5. Statistical Analysis

A priori power analysis was conducted using G*Power software (G*Power, 2007,
version 3.1, Düsseldorf, Germany) to estimate the required sample size for a repeated
measures ANOVA with a mixed design. Based on effect sizes observed in the previous
literature involving similar athletic populations and interventions, a medium effect size
(f = 0.25) was selected. With an alpha level of 0.05, power set at 0.80, and an assumed
correlation of 0.5 between repeated measures, the analysis indicated that a minimum total
sample size of 34 participants (17 per group) would be required to detect a statistically
significant interaction effect. The analysis used two primary statistical approaches: Linear
Mixed-Effects Models (LMMs) with random intercepts for participants, and traditional
repeated-measures Analysis of Variance (ANOVA) (2 conditions × 2-time intervals) used
to analyze the differences within and between MTG and CTG for each dependent variable.
The LMM was estimated via maximum likelihood with robust (clustered) standard errors,
serving as a sensitivity analysis to confirm the robustness of the ANOVA findings. The
significance threshold was set at α = 0.05 (two-tailed). To address multiple comparisons,
False Discovery Rate (FDR) correction was applied within the YBT (six directions) and
Functional Hop Test (eight measures) families. The normality of the data was checked by
the Shapiro–Wilk test. An independent t-test was conducted to assess baseline differences
among the participants’ characteristics between the groups. Post hoc pairwise comparisons
were conducted with a Bonferroni adjustment to control for Type I error. The assumption
of homogeneity of variance was assessed using Levene’s Test for each variable at each time
point. Effect sizes for within-group changes over time are reported as Hedges’ g_av with
95% confidence intervals, calculated using a standard formula to correct for small sample
bias. Between-group effect sizes were reported as Cohen’s d with their 95% confidence
intervals for all outcome measures. The SPSS® (IBM®, Chicago, IL, USA) version 29.0.2.0
software and the Jamovi (jamovi project, 2022, Version 2.3, Sydney, Australia) software
were used for statistical analysis.

3. Results

Five participants were excluded from data analysis because they had stopped practic-
ing basketball and did not participate in the evaluation sessions. Thirty-one participants
(age: 14.8 ± 2.04 years, weight: 70 ± 11.8 kg, BMI: 22.9 ± 3.07 kg·m−2) completed both the
T0 and T1 evaluations and were included in the data analysis, comprising CTG (n = 17)
and MTG (n = 14). The overall mean training sessions adherence was 86.96 ± 10.02%.
Table S1 (Supplementary Materials) reports adherence for each participant as the percent-
age of sessions attended. The participant flow through the study is summarized in the
CONSORT diagram (Figure 3).

The independent t-test showed no significant differences between groups at baseline
(p > 0.05). Table 1 summarizes baseline participants’ characteristics per group.
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Figure 3. CONSORT flow diagram of the study. The diagram shows participant recruitment,
allocation, and analysis through the phases of the randomized trial. Control group (CTG); mobility
group (MTG). Thirty-six male basketball players were randomized into two intervention groups. Five
participants were lost to follow-up due to discontinuation of basketball practice and non-participation
in evaluation sessions (partially at T0 and completely at T1). Thirty-one participants were included
in the final data analysis.

Table 1. Participants’ characteristics at the baseline were divided by group.

Variables Mobility Training (M ± SD) Core Training (M ± SD) T Student’s p-Value

age (years) 14.71 ± 2.27 14.88 ± 1.90 0.2890 0.824
height (cm) 174.73 ± 7.44 174.87 ± 10.29 −0.0381 0.970
weight (kg) 71.09 ± 10.99 69.14 ± 12.81 0.4012 0.692

BMI (kg/m2) 23.17 ± 2.30 22.63 ± 3.60 0.4388 0.665
basketball experience (years) 4.82 ± 2.71 3.80 ± 2.14 1.0695 0.295

Mean (M) and standard deviation (SD).

A violation was found for T0 posterior lateral YBT for the D (p = 0.018) and ND limb
YBT anterior (p = 0.042). For all other variables, the assumption was met (all p > 0.05).
Table S2 in the Supplementary Materials shows Levene’s Test of equality of error variances
for all outcome measures.

3.1. Main Effect Analysis

Mixed ANOVA showed a significant main effect of time, for the OST F (1, 29) = 155.86,
p < 0.001, partial η2 = 0.843 (very large), the Agility T-test F (1, 29) = 12.13, p = 0.002, partial
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η2 = 0.295 (large), the YBT ND PL F (1, 29) = 20.18, p < 0.001, partial η2 = 0.410 (large),
the YBT ND PM F (1, 29) = 16.39, p < 0.001, partial η2 = 0.361 (large), the YBT D PM F
(1, 29) = 35.40, p = 0.001, partial η2 = 0.550 (large), and the YBT D PL F (1, 29) = 18.24,
p < 0.001, partial η2 = 0.386 (large), the ND Hop Test 6 m F (1, 29) = 4.53, p =0.042, partial
η2 = 0.135. The main effect of group was significant, only for the OST F (1, 29) = 4.36,
p = 0.046, partial η2 = 0.131 (medium-to-large). The time × group interaction was not signif-
icant for any of the variables considered. Table S3 (Supplementary Materials) presents the
F-value, degrees of freedom, p-value, and partial η2 for the main effect for each variable from
ANOVA analysis.

LMM showed a significant main effect of time in the YBT PL for both the D limb
(F (1, 58) = 14.203, p < 0.001) and the ND limb (F (1, 58) = 16.843, p < 0.001), without a
significant group effect or group × time interaction being observed. A significant main
effect of time was also found for YBT in the PM direction. This was true for the D limb
(F (1, 58) = 6.557, p = 0.013) and the ND limb (F (1, 58) = 10.691, p = 0.002). For the OST total
score, significant main effects were found for both group (F (1, 58) = 7.001, p = 0.010) and
time (F (1, 58) = 90.900, p < 0.001).

No significant effects of group (p = 0.496) or time (p = 0.109) were found for the Agility
T-Test performance. For both the D and ND limbs, the analyses of single-leg hop distance
showed no significant main effects for Group or Time (all p > 0.05). No significant main
effects of group or time were found for the triple hop distance on either limb (all p > 0.05).
No significant effects of group or time were found for the crossover triple hop performance
on either the D or ND limbs (all p > 0.05). The time to complete the six-meter hop test
showed no significant changes for either group or time on both the D and ND limbs
(all p > 0.05). The time × group interaction was not significant for any of the variables
considered. Table S4 compares the main effect of time across statistical methods.

3.2. Within-Group Pairwise Comparison
Mixed ANOVA

The within-group changes, effect sizes, and between-group differences in change
are detailed in Table S5 (Supplementary Materials). In addition to significant time ef-
fects, both groups demonstrated substantial absolute and relative improvements in key
performance metrics.

Within-group analysis revealed a statistically significant improvement in the squat
test for both CTG (MD [95% CIs] = −3.059 [−3.797, −2.321]; p = 0.001) and MTG (MD
[95% CIs]= −3.643 [−4.456, −2.830]; p = 0.001). These changes corresponded to large
relative improvements of 115.5% and 254.9%, respectively, with very large effect sizes
(Hedges’ g > 2.8), indicating a robust intervention effect. In the CTG, significant gains were
also observed in the ND Hop Single-Leg Test (MD [95% CIs] = −8.294 [−16.162, −0.426];
p = 0.040), representing a 7.2% improvement, which was greater than the non-significant
1.2% change observed in the MTG. The between-group difference in change for this variable
was −6.94 cm [95% CI: −17.69, 3.82]. To investigate the effects of the interventions on
functional lower-limb asymmetry, we calculated the Limb Symmetry Index (LSI) for the
single-leg hop test (ND Hop Single-Leg ÷ D Hop Single-Leg × 100), and we performed
a mixed ANOVA on LSI. An LSI of 100% indicates perfect symmetry. At baseline, there
was no significant difference in LSI between groups (p = 0.674). A mixed-model ANOVA
revealed no significant time × group interaction (F (1, 29) = 0.036, p = 0.851), indicating that
the changes in symmetry over time did not differ significantly between the CTG and MTG.
The main effect of time was also non-significant (F (1, 29) = 0.298, p = 0.589). Descriptively,
the mean LSI increased by 1.95% in the CTG (from 101.16% to 103.11%) and by 0.95% in the
MTG (from 103.30% to 104.25%).
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Furthermore, the number of athletes with a clinically relevant asymmetry (LSI < 90%)
in the CTG was reduced from 4/17 at T0 to 2/17 at T1. No such reduction was observed in
the MTG (3/14 at both T0 and T1).

For dynamic balance, CTG improved ND YBT PM (MD [95% CIs] = −9.309 [−17.093,
−1.526]; p = 0.021) and PL reaches (MD [95% CIs] = −9.110 [−16.150, −2.070]; p = 0.013),
D YBT PM (MD [95% CIs] = −17.279 [−26.364, −8.194]; p = 0.001) and PL reaches (MD
[95% CIs] = −8.108 [−15.620, −0.595]; p = 0.035). Similarly, the MTG showed significant
improvements in ND YBT posteromedial (MD [95% CIs] = −13.614 [−22.190, −5.037];
p = 0.003) and PL reaches (MD [95% CIs] = −13.899 [−21.657, −6.141]; p = 0.001), D
PL reaches (MD [95% CIs] = −15.234 [−23.512, −6.956]; p = 0.02) and PM reach (MD
[95% CIs] = −22.050 [−32.061, −12.039]; p = 0.03). The MTG consistently showed larger
relative improvements across all these YBT directions (D PL: MTG +16.7% vs. CTG +8.5%).
Both groups significantly improved in the Agility T-Test CTG (MD [95% CIs] = 0.572 [0.072,
1.073]; p = 0.026), MTG (MD [95% CIs] = 0.696 [0.145, 1.248]; p = 0.02). The magnitude of
change was similar, with mean time reductions of 0.57 s (−4.0%) and 0.70 s (−4.8%) for
the CTG and MTG, respectively. The between-group difference in change was minimal
(−0.12 s [95% CI: −0.87, 0.62]), indicating comparable effects on agility.

3.3. Between-Group Pairwise Comparison

Between-group comparisons at T0 and T1 showed no statistically significant differ-
ences between CTG and MTG for most variables. However, the ANOVA mixed model
showed a significant difference in the ND YBT posterolateral reach (MD [95% Cis = 8.019
[1.327, 14.712], p = 0.021; Cohen’s d = 0.66, 95% CI for d: −0.06 to 1.38) and squat test (MD
[95% Cis = 1.218 [0.128, 2.309], p = 0.030; Cohen’s d = 0.63, 95% CI for d: −0.09 to 1.35)
between groups at T0. However, since this difference was observed only at baseline, it is
reasonable to assume that it was a random occurrence. Table S5 (Supplementary Materials)
shows between-group comparisons (CTG vs. MTG) for all outcome measures at T0 and
post-intervention T1 by mean difference (CTG—MTG) with standard error, p-value, and
95% confidence intervals (95% CIs). However, the analysis of between-group differences
in change scores (Table S6, Supplementary Materials) revealed specific areas where the
interventions may have diverged. While the time × group interaction in the ANOVA was
not significant, the between-group difference in change for the Sit-and-Reach test was
2.72 cm [95% CI: 1.08, 4.36], indicating a significantly greater improvement in flexibility for
the MTG. A similar, statistically significant difference in change was observed for the YBT
ND ANT (4.65% [95% CI: 0.06, 9.24]), favoring the MTG.

Table 2 shows descriptive statistics (means and standard errors) for all outcome measures.

Table 2. Descriptive statistics (means and standard errors) for all outcome measures by group and
time point.

Variable Groups Time Mean Std. Error IC 95% (Lower) IC 95% (Upper)

DYBT ANT (%)

CTG T0 84.178 2.985 78.072 90.283
CTG T1 82.381 2.662 76.936 87.826
MTG T0 80.752 3.290 74.024 87.480
MTG T1 79.890 2.934 73.890 85.890

DYBT PL (%)

CTG T0 95.295 2.218 90.760 99.831
CTG T1 103.403 3.627 95.985 110.821
MTG T0 91.406 2.444 86.408 96.405
MTG T1 106.640 3.997 98.466 114.814
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Table 2. Cont.

Variable Groups Time Mean Std. Error IC 95% (Lower) IC 95% (Upper)

DYBT PM (%)

CTG T0 86.124 3.081 79.823 92.426
CTG T1 103.403 3.627 95.985 110.821
MTG T0 84.590 3.395 77.646 91.534
MTG T1 106.640 3.997 98.466 114.814

NDYBT ANT (%)

CTG T0 83.430 3.649 75.966 90.893
CTG T1 81.970 3.194 75.438 88.502
MTG T0 78.544 4.021 70.320 86.768
MTG T1 81.732 3.519 74.534 88.930

NDYBT PL (%)

CTG T0 98.161 2.199 93.664 102.659
CTG T1 107.271 3.203 100.720 113.822
MTG T0 90.142 2.423 85.186 95.098
MTG T1 104.040 3.530 96.821 111.259

NDYBT PM (%)

CTG T0 87.210 2.744 81.598 92.821
CTG T1 96.519 4.022 88.294 104.744
MTG T0 88.167 3.023 81.984 94.351
MTG T1 101.781 4.432 92.717 110.845

BESS

CTG T0 2.882 0.172 2.530 3.235
CTG T1 2.765 0.197 2.363 3.167
MTG T0 3.286 0.190 2.898 3.674
MTG T1 3.000 0.217 2.557 3.443

OST Total Score

CTG T0 2.647 0.358 1.914 3.380
CTG T1 5.706 0.338 5.014 6.398
MTG T0 1.429 0.395 0.621 2.236
MTG T1 5.071 0.373 4.309 5.834

D Back Scratch (cm)

CTG T0 7.447 1.596 4.182 10.712
CTG T1 8.324 1.750 4.744 11.903
MTG T0 8.079 1.759 4.481 11.676
MTG T1 7.350 1.929 3.405 11.295

ND Back Scratch (cm)

CTG T0 1.694 2.360 −3.140 6.528
CTG T1 3.381 2.112 −0.945 7.707
MTG T0 0.964 2.523 −4.204 6.132
MTG T1 2.643 2.258 −1.982 7.268

Sit-and-Reach (cm)

CTG T0 4.153 1.958 0.149 8.157
CTG T1 4.088 1.707 0.597 7.580
MTG T0 −1.236 2.157 −5.648 3.176
MTG T1 1.421 1.881 −2.426 5.269

Agility T-Test (s)

CTG T0 14.192 0.421 13.331 15.052
CTG T1 13.619 0.349 12.905 14.334
MTG T0 14.520 0.464 13.572 15.468
MTG T1 13.824 0.385 13.036 14.611

D Hop Single Leg (cm)

CTG T0 113.529 6.909 99.398 127.661
CTG T1 121.765 8.109 105.181 138.349
MTG T0 111.571 7.614 96.000 127.143
MTG T1 113.214 8.935 94.939 131.489

ND Hop Single Leg (cm)

CTG T0 115.471 7.342 100.454 130.487
CTG T1 123.765 7.586 108.250 139.279
MTG T0 114.143 8.091 97.596 130.690
MTG T1 115.500 8.359 98.404 132.596

51



Sports 2025, 13, 398

Table 2. Cont.

Variable Groups Time Mean Std. Error IC 95% (Lower) IC 95% (Upper)

D Hop Triple (cm)

CTG T0 402.706 21.908 357.898 447.513
CTG T1 399.176 20.975 356.277 442.076
MTG T0 362.500 24.142 313.125 411.875
MTG T1 364.714 23.114 317.442 411.987

ND Hop Triple (cm)

CTG T0 395.941 19.042 356.996 434.886
CTG T1 407.176 18.452 369.438 444.915
MTG T0 362.643 20.983 319.728 405.558
MTG T1 366.571 20.333 324.985 408.157

D Crossover Triple (cm)

CTG T0 318.412 24.574 268.152 368.672
CTG T1 322.235 25.035 271.034 373.437
MTG T0 294.000 27.079 238.616 349.384
MTG T1 307.786 27.587 251.364 364.207

ND Crossover Triple (cm)

CTG T0 322.176 19.693 281.900 362.453
CTG T1 345.176 21.418 301.372 388.981
MTG T0 297.286 21.700 252.904 341.668
MTG T1 311.214 23.601 262.944 359.484

D Hop Test 6 m (s)

CTG T0 3.089 0.104 2.877 3.302
CTG T1 2.999 0.107 2.780 3.217
MTG T0 3.184 0.114 2.950 3.418
MTG T1 3.071 0.118 2.830 3.311

ND Hop Test 6 m (s)

CTG T0 3.022 0.116 2.785 3.258
CTG T1 2.999 0.107 2.780 3.217
MTG T0 3.208 0.127 2.947 3.469
MTG T1 3.071 0.118 2.830 3.311

Core Training Group (CTG); Mobility Training Group (MTG); baseline (T0); post-intervention (T1); dominant (D);
non-dominant (ND); Y-Balance Test (YBT); anterior (ANT); posterolateral (PL); posteromedial (PM); Balance Error
Scoring System (BESS); Overhead Squat Test (OST). Data are presented as estimated marginal means ± standard
error, with the corresponding 95% confidence interval (CI). The CTG included n = 17 participants; the MTG
included n = 14 participants.

3.4. Sensitivity Analysis: Methodological Convergence Mixed ANOVA vs. LMM Comparison

The results demonstrated strong methodological convergence, identified significant
time effects from T0 to T1 for YBT ND PM (mixed ANOVA: p < 0.001, LMM: p = 0.002),
YBT ND PM (both p < 0.001), YBT D PM (mixed ANOVA: p = 0.001, LMM: p = 0.014),
YBT D PL (both p < 0.001), and OST (LMM: p < 0.001; mixed ANOVA: p < 0.001). All
methods agreed on the lack of significant time × group interactions (all p > 0.50). All ap-
proaches consistently found no improvements in hop tests, static balance, or flexibility. The
Agility T-Test and the 6 m hop test showed methodological dependence, with significant
improvement in ANOVA (p = 0.002) but not in LMM (p = 0.114). The 6 m timed hop ap-
proached was significant in ANOVA (p = 0.042) but not in LMM (p = 0.342) Figure 4 shows
individual variation for the variable, resulting in statistically significant improvements in
all methods.

52



Sports 2025, 13, 398

Figure 4. Individual variation (T0–T1) for Y-Balance Test (YBT) posterolateral reach (PL), postero-
medial reach (PM) for dominant (D) and non-dominant (ND) limb, and Overhead Squat Test (OST)
scores that showed statistically significant improvements. Lines represent change over time for each
participant, stratified by intervention group.

4. Discussion

This study aimed to analyze the influence of core or mobility training programs on
the development of specific physical abilities in young basketball players. The primary
finding of this study, confirmed through LMM with hierarchical FDR correction, is that
both training protocols elicited significant improvements in specific domains of dynamic
balance in the PL and PM directions of the YBT, our primary outcomes, and functional
mobility as measured by the OST (all pFDR < 0.05). Critically, the absence of significant
time × group interactions across all statistical approaches provides robust evidence that
the rate and magnitude of improvement did not differ between interventions. However,
the analysis of the estimated changes and their variability provides deeper insights. CTG
led to significant improvements in the Functional Hop Test single leg for the ND limb
(7.2% vs. 1.2% in MTG). This finding did not survive FDR correction when considered
within the broader context of the eight hop test measures (pFDR = 0.819). This suggests that
what appeared to be a potential advantage in dynamic trunk control and lower-limb power
transmission may represent a Type I error rather than a robust training effect. The hop test
single leg is predictive for lower limb strength, explosive power, and dynamic stability [51].
A previous study showed improvement in an exercise with similar biomechanics to the
hop test, the single-leg squat, after 8 weeks of core-muscle training, resulting in better
neuromuscular control [10].

Core strengthening changes trunk kinematics in the coronal and sagittal planes, and
sagittal-plane trunk control significantly influences knee biomechanics. Kulas et al. showed
that hamstring activation and anterior shear at the knee are affected by trunk posture [48],
while other authors observed that greater trunk flexion during landing and cutting is
associated with increased hip and knee flexion angles [52,53]. Core stability training
has been shown to improve single-leg hop performance and reduce asymmetry between
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limbs [54], and similar effects have been observed in the upper limb [55]. However, in
Mohammadi’s study [54], symmetry was assessed between the injured and uninjured
limb, with the performance of the injured limb approaching that of the uninjured one
after the training period. We observed improvement only in the ND limb. It may be
reasonable to draw a parallel between the disadvantaged condition of the limb and the
similar gains reported in both studies in response to core stability training. The greater
improvements in the ND limb’s reach further underscore the asymmetrical adaptations
that can occur due to habitual dominance in limb use. ND limbs are often less efficient
in neuromuscular control, making them more responsive to proprioceptive and mobility
stimuli [56]. Therefore, incorporating exercises such as the plank, particularly those involv-
ing a single-leg position (Figure 1b,d), may have enhanced limb stability. However, the
functional asymmetries calculated through the LSI revealed no significant time × group
interaction. This indicates that both training protocols had similar effects on inter-limb
symmetry over the 8 week intervention period. The CTG showed a slightly greater nu-
merical improvement in symmetry (+1.95%) compared to the MTG (+0.95%). While this
pattern aligns with the observed improvement in ND limb performance in the CTG, the
lack of statistical significance suggests this was not a consistent effect across all athletes.
The unilateral components of the core training protocol may provide a stimulus for ad-
dressing asymmetries, but our study might have lacked the statistical power to possibly
detect such an effect. Future studies with larger samples specifically targeting athletes
with pre-existing asymmetries are needed to clarify this potential relationship. The lack of
clear differential effects between the two training modalities, despite both groups showing
significant improvements, has already been observed in youth athletic populations [57,58].
Several factors may explain this finding. First, the intervention duration of 8 weeks might
have been sufficient to elicit general neuromuscular adaptations but insufficient for more
specific, modality-dependent adaptations to fully manifest. Second, the outcome mea-
sures used are global performance tests, and they may not be sensitive enough to detect
differences in the neuromuscular mechanisms targeted by core versus mobility training.
While core training might enhance trunk stiffness, and mobility training might improve
joint kinematics, both pathways could lead to a similar enhancement in overall dynamic
performance during a complex task like the YBT or Agility T-Test. The principle of training
specificity suggests that transfer to sport-specific skills is complex, and the relationship
between isolated physical qualities like core strength or mobility and integrated athletic
performance is not always direct [49]. Finally, in adolescent populations, who are highly
responsive to any structured training stimulus, the mere introduction of a novel, supervised
training regimen can produce significant gains, potentially overshadowing more subtle
inter-modal differences.

Significant OST improvements were observed in both groups and remained robust
after multiple comparisons correction. The MTG demonstrated a remarkably large relative
improvement of 254.9%, compared to 115.5% in the CTG, though the between-group differ-
ence in change was not significant (0.58 points [−0.54, 1.71]). This is particularly relevant in
athletic populations, such as basketball players, where optimal joint mobility is critical for
performance and injury prevention. These findings are consistent with previous literature
suggesting that dynamic and targeted mobility exercises can enhance functional movement
patterns [59]. Furthermore, the OST, often used as a screening tool for movement quality
and functional deficits, showed improvements aligned with increased neuromuscular
control and joint mobility. This test is especially sensitive to limitations in thoracic spine
extension, hip and ankle dorsiflexion, and core stability, all of which are crucial for the
explosive and multidirectional movements required in basketball [19,21,22]. Moreover,
squatting ability is essential to the biomechanics of an effective defensive stance or triple-
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threat position in basketball. Several studies have emphasized the relationship between
OST performance and functional athletic outcomes. Sever et al. (2023) [60] demonstrated
that the overhead deep squat was one of the most informative components of the Func-
tional Movement Screen tool in assessing global movement quality in athletes. Athletes
with higher OST scores demonstrated better biomechanical efficiency during sport-specific
tasks. Also, Tee and colleagues supported the use of the Overhead Squat as a diagnostic
tool for identifying mobility restrictions and movement compensation patterns [61]. The
observed improvements in OST performance following the interventions may be attributed
to enhanced neuromuscular coordination, which promotes more efficient motor unit re-
cruitment and synchronization. This neuromuscular adaptation not only contributes to
greater movement economy but also reinforces joint stability, which is essential in mitigat-
ing the risk of common sports injuries such as anterior cruciate ligament tears and ankle
sprains [62]. Proprioceptive input and sensorimotor integration are enhanced through
dynamic mobility training, fostering improved postural control and reflexive stability
during complex athletic tasks [63]. Therefore, our findings reinforce the growing body of
evidence that both traditional strength-based protocols and mobility-oriented training can
positively influence lower-limb muscular function, joint integrity, and movement control.
YBT posteromedial and posterolateral directions performance improved significantly in
both groups under investigation. Notably, the MTG showed consistently larger relative
improvements across all YBT directions (e.g., D PL: MTG +16.7% vs. CTG +8.5%), and the
individual response plots (Figure 4) confirmed a highly consistent positive trend across
nearly all participants in both groups. The YBT is a validated clinical tool and has been
widely employed in both athletic and rehabilitative settings to identify deficits and predict
injury risk. Specifically, the posteromedial and posterolateral directions are considered
more challenging due to the diagonal movement patterns that require greater motor control,
core activation, and proprioceptive integration than the anterior direction [36] and were
utilized to assess neuromuscular characteristics, including dynamic balance and flexibil-
ity [47]. The improvement observed in both groups may be attributable to the focus on joint
range of motion and neuromuscular facilitation that such exercises typically emphasize.
Enhanced joint mobility, particularly at the hip, ankle, and thoracic spine segments directly
stimulated in our mobility exercises, has been associated with improved sensorimotor
control, which is critical for maintaining balance during dynamic tasks [51]. Hip mobil-
ity plays a central role in allowing the body to shift weight efficiently during single-leg
stance tasks, while ankle dorsiflexion is essential for effective forward progression and
stabilization [50]. Moreover, mobility exercises may stimulate proprioceptive mechanisms
by involving end-range joint positions and controlled oscillatory movements that challenge
the somatosensory and vestibular systems. Studies have shown that proprioceptive en-
hancement through mobility-focused training can significantly improve dynamic balance
and reduce the risk of falls or injury, both in athletic [64] and pathological populations [65],
and rebounding workouts have also been reported to induce rapid balance adaptations [66].
Data suggests that mobility and core training, stimulating proprioceptive pathways, and
engaging complex motor patterns, may confer a functional advantage in tasks demanding
multidirectional balance control, particularly in posterolateral and posteromedial move-
ments, such as the frequent split stance during a basketball game, optimizing dynamic
postural control. The Agility T-Test also showed significant improvement in both groups
(mean differences CTG: 0.57, MTG: 0.70), corresponding to relative improvements of
−4.0% and −4.8%, respectively. The between-group difference in change was minimal
(−0.12 s [−0.87, 0.62]), indicating identical effects on agility and suggesting that enhance-
ments in core stability or joint mobility may translate into faster and more coordinated
changes in direction. Given that agility is a composite skill involving strength, coordination,
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and balance, the improvements across both interventions reinforce the idea that such train-
ing modalities can benefit athletic movement efficiency. In addition, given that previous
studies have identified agility, assessed via the t-test, as a reliable predictor of playing time
in comparable populations, the inclusion of such protocols may directly influence athletes’
game performance [67,68]. Conversely, no significant changes were observed in any of the
eight Functional Hop Test measures after FDR correction (all pFDR > 0.34), nor in static bal-
ance (BESS) or flexibility measures. This specificity of training effects suggests that 8 weeks
of either core or mobility training provides sufficient stimulus for neuromuscular control
adaptations but insufficient load or specificity for measurable improvements in explosive
strength and power. This lack of improvement may be attributed to several interrelated
factors, including the duration, intensity, and specificity of the intervention. Static balance
is a multifaceted neuromuscular ability that involves the integration of sensory input from
the visual, vestibular, and proprioceptive systems. Evidence suggests that improving
balance, especially under static conditions, may require either a longer intervention period
or training protocols specifically designed to challenge the postural control system. For
example, Lesinski et al. performed a meta-analysis on balance training and highlighted that
balance improvements are strongly moderated by the duration and intensity of the training,
with interventions lasting between 11 and 12 weeks showing significantly larger effects
on balance performance [69]. Thus, the 8 weeks of training in our study were probably
not enough. Furthermore, BESS may not be sensitive enough to detect subtle changes
over short timeframes, particularly in healthy individuals or athletic populations with
already well-developed postural abilities. In this context, dynamic balance assessments,
such as the YBT may offer greater sensitivity to neuromuscular adaptations induced by
general training protocols like those mentioned previously. Improvements in tests such
as SRT and Back Scratch are often more evident when the intervention includes regular
and targeted stretching routines. According to Samson et al., flexibility (Sit-and-Reach
performance) gains are best elicited through static stretching protocols lasting at least
30 s per muscle group, repeated 3 times, compared to the dynamic protocols [70]. If the
intervention in question lacked dedicated stretching components or was of insufficient
duration, it is unsurprising that no significant gains were detected. Similarly, horizontal
jumping performance (hop tests) requires high levels of muscular strength, neuromuscular
coordination, and explosive power. Significant improvements in such tests typically follow
plyometric training regimens specifically tailored to the lower extremities. Markovic et al.
underscore that plyometric training induces marked improvements in hopping ability, but
only after sport-specific interventions [71]. Indeed, according to the principle of training
specificity [72], athletes whose performance depends on generating force in the horizontal
direction, such as sprinters and long jumpers, typically focus on plyometric training. In
contrast, sports like basketball and volleyball demand vertical force production, primarily
engaging in vertical jumping exercises. In the absence of such targeted exercises, global
training interventions may not yield measurable changes in short-term hop performance.
Moreover, plyometric exercise on an elastic surface has been shown to acutely decrease reac-
tive power while maintaining leg stiffness [73], highlighting modality-specific adaptations
of the stretch-shortening cycle.

Despite the meaningful findings, this study has limitations that must be acknowledged
when interpreting the results. First and foremost, the absence of a true control group
limits the ability to attribute observed improvements solely to the interventions applied.
Including a control group in future studies would provide a more robust framework for
causal inference. Secondly, the limited sample size, and the considerable inter-individual
variability in responses, could indicate that the study may have been underpowered to
reliably detect more subtle, modality-dependent effects even if supported by an a priori
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sample size calculation (n = 34 participants), the final analyzed sample (31 participants) was
lower than the a priori sample size calculation required to adequately power the detection
of a group-by-time interaction. This reduction in statistical power could increase the
uncertainty of our null findings and limit definitive conclusions regarding the equivalence
of the two interventions. For a transparent discussion of statistical power, between-group
effect sizes (Cohen’s d) with 95% confidence intervals were calculated for all outcomes.
In addition, as demonstrated by comparable studies [5] in a highly similar population
(20 basketball players, age: 15.70 ± 0.75 years) and intervention (core stability training
group or the traditional strength training group), sample sizes around n = 30 are often
sufficient to detect significant effects in this research domain. Our use of hierarchical
FDR correction, while methodologically rigorous, may have been overly conservative
for detecting subtle between-group differences. However, the complete absence of even
nominal time × group interactions (all p > 0.24) across all outcome measures suggests
that any undetected differential effects would likely be small and of limited practical
significance. However, a small cohort raises concerns about the representativeness of the
findings, particularly in populations as heterogeneous as youth athletes, where biological
age, training history, and sport specialization may vary significantly. Larger, adequately
powered studies are needed to confirm the findings and establish normative data across
different sports and age groups. Another limitation is the short duration of the intervention
and the lack of long-term follow-up. Without post-intervention monitoring over time, it is
unclear whether the improvements observed are transient adaptations or reflect durable
neuromuscular changes. Incorporating longitudinal designs and delayed retention testing
in future research would help clarify the sustainability of training effects and their potential
role in long-term athletic development.

5. Conclusions

Based on the consistent lack of significant time × group interactions across all statisti-
cal methods and the application of rigorous multiple comparisons correction, we conclude
that both training programs were similarly effective at improving dynamic balance and
functional movement quality in young basketball players. Therefore, the choice between
these two training modalities can be based on practical considerations rather than pre-
sumed efficacy differences, such as athlete preference, equipment availability, or their
specific integration into the overall training schedule. This study aims to inform coaches,
strength and conditioning professionals, and sports scientists on the relative effectiveness
of adding core and mobility interventions, thereby helping optimize training protocols
for performance enhancement and injury prevention in youth basketball. By focusing on
adolescents, a population in a crucial stage of motor development and injury vulnerability,
this work contributes to the body of evidence supporting early intervention with functional
training modalities. Future studies should explore combined interventions using a larger
sample, a longer training period, and standardized outcomes to find possible differences
between the effects of the two training modalities and improve comparability and better
define their role in sports performance enhancement.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/sports13110398/s1, Table S1: Session completion and adherence
rates for each participant (n = 31). Adherence was calculated as the percentage of completed sessions
out of 24 scheduled sessions; Table S2: Homogeneity of Variances (Levene’s Test) for All Outcome
Measures at T0 and T1; Table S3: Results for the Group × Time Interaction and Main Effect of
Time from Repeated Measures ANOVA; Table S4: Main Effect of Time Across Statistical Methods:
Linear Mixed Models (LMM) and ANOVA with False Discovery Rate (FDR) Correction; Table S5:
Within-subjects analysis. Pre- to Post-Intervention (T0–T1) Change Scores and Effect Sizes (Hedges’
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g_av) for Outcome Measures in the CTG and MTG Groups; Table S6: Between-Group Comparisons
(CTG vs. MTG) for All Outcome Measures at Baseline (T0) and post-intervention (T1).
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The following abbreviations are used in this manuscript:

CTG core training group
MTG mobility training group
BESS balance error scoring system
YBT y-balance test
OST Overhead Squat test
SRT Sit-and-Reach test
ANT anterior reach
PL posterolateral reach
PM posteromedial reach
D dominant limb
ND non-dominant limb
M mean
SD standard deviation
MD mean difference
NHE Nordic hamstrings exercise
LSI Limb Symmetry Index
FDR False Discovery Rate
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Abstract: This study compared the external [movement load (ML)] and internal [rating of
perceived exertion (RPE), mean and peak heart rate (HRmean, HRpeak)] loads, performance
and enjoyment between time-matched (~12 min) traditional (TRAD) and small-sided game
(SSG) warm-ups in youth basketball players. Using a counterbalanced crossover design,
24 male players (16.0 ± 0.1 years) performed both warm-up types after reporting fatigue
(ROF) and completing an 8 min standardized pre-warm-up. Before and after each warm-up,
players completed 20 m sprint and countermovement jump (CMJ) tests; enjoyment (ENJ)
was assessed post-warm-up. No significant differences were found between warm-ups for
ROF (p = 0.053), RPE (p = 0.259), or HRmean (p = 0.053). However, SSG induced a higher
HRpeak than TRAD (p = 0.001), while ML was greater in TRAD (p < 0.001). No interaction,
time effect, or typology effect emerged for performance in sprinting and change of direction,
although CMJ was higher after TRAD (p = 0.047). Enjoyment did not differ significantly
(p = 0.066), although with a large effect size (r = 0.612). The greater ML in TRAD may reflect
more dynamic basketball actions compared with SSG, which emphasized static tasks (e.g.,
screening, boxing out) yet produced higher HRpeak. Coaches may consider SSG warm-ups
to replicate game-specific conditions while controlling the external load and maintaining
adequate physiological preparation.

Keywords: basketball performance; internal load; external load; youth athletes

1. Introduction

Basketball is a high-intensity, stochastic, court-based team sport with considerable
physical and physiological demands [1]. During competition, basketball players are re-
quired to perform a variety of multiplanar movements, including sprints, jumps, decelera-
tions, and static exertions, while also scanning the dynamic technical–tactical scenario and
controlling the ball [1–3]. It is therefore evident that the demands of basketball games posit
significant physical, physiological, technical–tactical and perceptual–cognitive demands
on players.

Sports 2025, 13, 452 https://doi.org/10.3390/sports13120452
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In order to appropriately prepare basketball players for training and competition,
warm-up procedures are an essential step [4,5]. Warm-up activities encompass a variety
of training modalities, including general and specific mobility drills, injury prevention
exercises, neuromuscular activation and strength, basketball-specific actions such as jump-
ing, shuffling and changes of direction, technical actions such as dribbling, passing and
shooting, and reactive, open-skill drills [4]. The progressive implementation of these varied
exercises aims at closely replicating the diversified demands of the subsequent performance
environment (i.e., training and games), optimizing players’ readiness and minimizing in-
jury risk [6,7]. These benefits are obtained through a variety of mechanisms, including
increased core temperature, improved oxygen uptake kinetics, post-activation performance
enhancement and cognitive priming [6,8].

Previous basketball studies have described the effectiveness of warm-up strategies
on subsequent player’s performance, showing that the inclusion of mobility, strength,
plyometrics and reactive agility exercise can improve the players’ jumping and sprinting
capacities [9,10]. While basketball literature is abundant on physical-oriented warm-up pro-
cedures, less is known about the effects of more sport-specific warm-ups. In fact, basketball
games are a dynamic, open-skill environment in which players’ performance is not solely
determined by physical qualities. Basketball games require players to perform around
200 ball possessions requiring continuous assessment of the technical–tactical scenarios,
decision-making and response inhibition to optimally perform and avoid errors [2,11]. In
fact, a recent survey on basketball warm-up practices evidenced how basketball-specific
drills are the most used activities in pre-game warm-ups at national and international
competitive levels [4]. Among the available training modalities, small-sided games (SSGs)
might be a quite valuable choice for basketball warm-up. SSGs are typically implemented
because they closely replicate the competitive scenarios from several perspectives: physi-
cal, physiological, technical–tactical and cognitive [12]. During SSGs, team sport players
are immersed in an environment that is closely resemblant of the real games, therefore
requiring them to perform specific movements at high intensity while also performing
technical–tactical actions which are characteristic of the sport. While basketball studies
have described the demands of different SSGs, demonstrating their high relevance and
specificity [12,13], little is known on the effectiveness of SSGs as a warm-up procedure
to appropriately prepare basketball players to compete. While previous studies have
shown that SSGs induce improvements in jumping, sprinting and change of direction in
soccer [14,15] and handball [16] players, which suggest their efficacy as a warm-up strategy,
to the best of the author’s knowledge no study has examined SSG warm-ups in basketball
settings. Therefore, the aim of this study was to compare the effects of traditional (TRAD)
and small-sided game (SSG) warm-up protocols on external and internal loads, physical
performance and enjoyment levels in youth basketball players.

2. Materials and Methods

2.1. Participants

Twenty-four male basketball players from two under-17 teams (twelve per team)
competing in the top-tier Italian Basketball Federation (FIP) championship took part in
the study (age: 16.0 ± 0.1 years; stature: 1.82 ± 0.07 m; body mass: 73.8 ± 9.1 kg; playing
experience: 8.6 ± 3.1 years). An a priori power analysis determined a minimum sample
size of 11 players (α = 0.05, β = 0.95, effect size = 1.23), based on previous research
comparing warm-up protocols in elite handball players [16]. All players were free from
injuries affecting performance in the month before testing. The study was approved by the
University of Rome “Foro Italico” ethics committee (CAR. 192/2024).
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2.2. Design

This study encompassed a randomized cross-over design, in which participants per-
formed physical tests before and after two different warm-up typologies: traditional
(TRAD) and small-sided games (SSG). The full experimental protocol was carried out one
to two weeks after the completion of the in-season period. The 24 players were divided
into groups of 6 based on coaching staff’s suggestions to create balanced teams for the
SSGs. Each group was composed of four guards, as well as small forward (positions 1-2
and 3) and two power forward and/or center (positions 4-5). The two protocols were
completed on two separate testing days, approximately one week apart. The order of
warm-up strategies was randomized and counterbalanced. Furthermore, a familiarization
session was conducted during the preceding week, in which players were introduced to
the testing procedures, rating scales, and both warm-up protocols.

The structure of each experimental session (TRAD and SSG) is displayed in Figure 1.
The experimental sessions were preceded by an 8 min introductory warm-up, performed
without the use of the ball and supervised by a strength and conditioning coach accredited
by the Italian Basketball Federation. Following this, after ~2.5 min of recovery, players
completed countermovement jump (CMJ) and 20 m sprint tests, which served as baseline
values. They then performed one of the two warm-up protocols, each lasting approximately
12 min. At the conclusion of these protocols, and after ~2.5 min of recovery, players were
re-assessed using the CMJ test, the 20 m sprint test, and the change of direction test (5-0-5).
The recovery period of 2.5 min was selected based on a detailed analysis of basketball
competition, which demonstrated that this interval typically corresponds to the time
between the conclusion of the warm-up and the commencement of official matches.

Figure 1. Study design. Note: TRAD = traditional warm-up; SSG = small-sided game warm-up;
CMJ = Countermovement Jump Test; 505 = 505 test.

2.3. Procedures
2.3.1. Warm-Up Typologies

The pre-warm-up was structured to follow a progressive sequence of movements,
commencing with ground-based exercises and subsequently advancing to upright ac-
tivities (Supplementary Tables S1 and S2). The proposed exercises were designed in
accordance with evidence-based recommendations for warm-up protocols reported in the
literature [6,17,18]. The session was divided into two primary components: Pillar Prepara-
tion, including as a series of exercises aimed at enhancing joint mobility and stability of
the major kinetic segments, and Movement Preparation, consisting of dynamic stretching
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drills and sport-specific locomotor patterns. Collectively, these exercises were intended
to elicit neuromuscular readiness and to prepare athletes for acceleration, jumping, and
change-of-direction demands typically observed during competitive play or, in this case,
during motor performance testing.

The traditional warm-up (Figure 2) was designed to reflect the activity commonly
performed by youth basketball teams during pre-game routines. It was performed on a
half-court by one of the two groups of six players and consisted of four drills:

Figure 2. Exercises performed during the traditional warm-up: (a) lay-up drill; (b) “give-and-go” drill;
(c) dribble and shot decision drill; (d) fast lay-up drill without dribbling. Symbols : off-ball run;

: ball pass; : give-and-go pass; : movements while dribbling the ball;

: shooting; : switch lines; : coach; players without ball; players with ball.

(1) Lay-up drill: Players are divided into two lines at the wing positions, with three
players on the right wing and three on the left wing. The first player in the right-hand line
begins by dribbling the ball and finishing with a layup. Simultaneously, the corresponding
player from the left line collects the rebound, passes the ball to the next player in the
right-hand line, and joins that line. The shooter rotates to the opposite line. The drill lasts a
total of 4 min, 1 min and 30 s per side, with 30 s allocated for switching sides.

(2) Give-and-go drill: Three players line up at the right-wing position and three at the
left elbow. The first player on the right wing passes the ball to the first player at the left
elbow and then cuts toward the basket. The cutter receives a return pass and completes
the action with either a layup or a mid-range jump shot. The passer at the elbow grabs
the rebound and joins the right-wing line after passing the ball to the next player in that
line. The shooter rotates to the elbow line. The drill lasts three minutes in total, with
approximately 1 min and 20 s per side and 20 s for switching sides.

(3) Dribble and shot decision drill: Each player has a ball and positions themselves
at the extended elbow, with three players per side. Two staff members act as passive
defenders, standing in front of the first player in each line. Players initiate their move based
on the space left open by the staff member, selecting the appropriate finishing option. If
the area near the basket is occupied, the player executes a mid-range shot; if it is free, the
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player drives to the basket and finishes with a layup or another solution. The drill lasts
3 min in total, divided into 1 min and 20 s per side, plus time for switching lines.

(4) Fast lay-up drill without dribbling: The initial setup of the first drill is reused for
this final drill. In this variation, players are not permitted to dribble before executing the
layup, making it a faster-paced activity typically performed immediately before tip-off.
The rebounder passes the ball to the next player for the layup, then sprints to the sideline
near the bench area before returning to perform another layup. This drill lasts two minutes
in total, divided into one minute per side.

The SSG warm-up (Figure 3) was structured to provide a situational progression,
moving from 1v1 to 3v3. This warm-up was performed on a half-court by one of the two
groups of six players, simultaneously with the TRAD warm-up conducted on the opposite
half-court. It consisted of three drills with a total duration of approximately twelve minutes:

Figure 3. Exercises included in the SSG (small-sided game) warm-up: (a) 1v1; (b) 2v2; (c) 3v3.

Symbols : offensive player without ball; offensive player with ball. : defensive player;
: movements while dribbling the ball.

(1) 1v1: The six players are divided into two groups of three on each wing. The first
pairs on each side begin playing 1v1 from the wing position simultaneously. After the
initial possession, the offensive player becomes the defender, while the waiting player (the
third in line) rotates in as the new offensive player. The defender from the first possession
rests until the second possession concludes, at which point they become the offensive
player in the subsequent sequence. Two constraints were imposed on the offense: (1) ball
handling was limited to a maximum of four dribbles to regulate the duration of each 1v1
action, and (2) players were forbidden from crossing the imaginary midline extending from
the basket to midcourt. This rotation continues for two minutes per side before switching
wings for an additional two minutes.

(2) 2v2: Players are paired according to playing positions, forming three balanced
pairs by role. The first team begins on offense against the second team, with the offensive
setup consisting of a ball-handler at the wing and a teammate positioned at the low post.
Following the first possession, the defensive team rests until the conclusion of the next
possession, while the third team (waiting during the first possession) becomes the offensive
team in the second sequence. The initial offensive team switches to defense in the second
possession. This offense–defense rotation continues for four minutes, with the low-post
position alternating sides whenever teams return on offense. Players were encouraged to
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incorporate pick-and-roll actions during this SSG drill and were free to include any type
of defense.

(3) 3v3: The six players are divided into two teams of three, competing in 3v3 with
offense and defense alternating after each possession. Play begins with the offensive players
positioned at the top (point guard), wing, and low post on the same side. In the following
offensive sequence, the alignment shifts to the opposite wing and low-post side. If no
basket is scored, play continues through both offensive and defensive rebounding. The drill
lasts a total of five minutes, consisting of two minutes of play and one minute of passive
rest, followed by another two minutes of play. After each scored basket, teams are allowed
a five-second recovery, included within the total drill duration.

2.3.2. Load Monitoring

Each warm-up protocol was monitored using both external and internal load measures.
For the assessment of external load, Firstbeat Sport Sensors (Firstbeat, Yliothispistonkatu,
Finland) equipped with a triaxial accelerometer sampling at 50 Hz were employed. Specif-
ically, values for Movement Load and Movement Intensity (both expressed in arbitrary
units [A.U.]) were calculated over the duration of each warm-up protocol (TRAD and
SSG). Movement Load was derived using a previously described formula, which accounts
for accelerations across the three axes [19]. Movement Intensity was defined as the mean
Movement Load per minute.

For the evaluation of internal load, the same devices were used with a sampling
frequency of 1 s. The collected data were subsequently downloaded and processed via
the proprietary software. Objective measures of internal load included average heart rate
(average HR) and peak heart rate (peak HR), as recorded by the Firstbeat system. In
addition, subjective internal load was assessed using the Rating of Perceived Exertion
(RPE), based on the modified CR10 scale proposed by Foster et al. (2001) [20]. RPE data
were collected at the conclusion of each warm-up protocol, with participants individually
reporting their values in the presence of the research team, ensuring that responses were
provided without influence from other athletes.

2.3.3. Performance Tests

The CMJ test with arm swing was used to assess jumping performance through the
Optojump system (Optojump, Microgate, Bolzano, Italy). Players started in the erect
standing position (with feet placed hip-width to shoulder-width apart) and were instructed
to jump “as high and as fast as possible” [21] using a self-selected countermovement depth.
Players performed two trials, separated by ~2 min of passive rest, with the highest jump
achieved at each time point being used for analysis [21]. Excellent test–retest reliability has
been previously shown for this procedure [22]. Furthermore, maximal sprint performance
over 10 m and 20 m was assessed using a 20 m sprint test with a 10 m split using three sets
of timing gates (Racetime 2 Light Radio Kit, Microgate, Bolzano, Italy) positioned 0, 10,
and 20 m from the start line [23]. Moreover, change of direction (COD) ability was assessed
using the 505 test employing the same timing gate system described above positioned
10 m from the starting line, with cones placed at the 15 m mark [24]. Participants sprinted
from the start, passed through the timing gates, continued to the cones, executed a 180◦

turn, and then sprinted back through the timing gates [24]. The time taken to cover the
distance from the 10 m gate to the 15 m cones and back to the 10 m gate was recorded as
the 505 COD performance.

2.3.4. Perceived Fatigue and Enjoyment

The overall perception of fatigue was asked to each player before each experimental
session using the previously validated Rating-of-Fatigue (ROF) scale [25], ranging between
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0 (“not fatigued at all”) and 10 (“total fatigue and exhaustion—nothing left”). This scale
was also previously used with basketball athletes [26]. Additionally, a previously validated
scale was adopted to assess players’ enjoyment levels on a 1–7 Likert scale [27] at the end
of each warm-up typology. This scale was previously used in basketball athletes [28].

2.4. Statistical Analysis

For each dependent variable analyzed with parametric statistics, means and standard
deviations were calculated as descriptive statistics. Successively, linear mixed models
were employed to analyze jump (CMJ) and sprint (10 and 20 m) performance, with two
independent variables: (1) warm-up type (TRAD vs. SSG) and (2) time (pre- vs. post-warm-
up). Due to technical sampling issues, sprint data were available for only 12 players (one
team). For the 505 test results and for external and internal workload measures (movement
load, movement intensity, average HR, peak HR), linear mixed models were also applied,
but including only one independent variable (warm-up type). In all models, “player”
was specified as a random effect. The LMM analyses were run using the Jamovi software
(version 2.3.21, retrieved from https://www.jamovi.org accessed on 28 August 2025). The
t statistics calculated from the LMM were then converted into Cohen d effect sizes and
associated 95% CI using the RStudio software (version 4.2.1). Effect sizes were interpreted
as follows: <0.2, trivial; 0.20 to 0.59, small; 0.60 to 1.19, moderate; 1.2 to 1.99, large; and
≥2.0, very large [29].

For the perceptual measures RPE, ROF, and ENJ, differences between the two warm-up
types were analyzed using the Wilcoxon signed-rank test (non-parametric analysis) and de-
scriptive statistics were calculated with median and interquartile range. The non-parametric
analysis was calculated using the Jamovi software previously described. Moreover, effect
sizes for pairwise comparison were calculated using the r-value [30] and were interpreted ac-
cording to Cohen’s benchmarks as no effect (0–0.09); small (0.10–0.29); medium (0.30–0.49);
and large (≥0.5) [31]. For all statistical tests, the significance level was set at p < 0.05.

3. Results

TRAD warm-up showed higher movement load [p < 0.001; ES(95%CI) = 1.54 (0.88; 2.20);
large] and movement intensity [p < 0.001; ES(95%CI) = 1.80 (1.11; 2.48); large] compared to
SSG warm-up (Figure 4).

Conversely, higher HRpeak [p = 0.001; ES(95%CI) = −1.07; (−1.69; −0.46); moderate]
was found in SSG compared to TRAD warm-up. Moreover, moderately higher HRmean
[ES(95%CI) = −0.61 (−1.20; −0.01)] was found also in SSG compared to TRAD warm-up,
although with no statistical difference (p = 0.053) (Figure 5).

The analysis of RPE showed no significant difference between the two warm-up
typologies (p = 0.259; r = 0.270; small) (Figure 6).

Considering performance tests, no differences were evident between conditions for
each physical test, except for higher CMJ values [p = 0.047; ES(95%CI) = −0.58 (−1.16; −0.01),
small] found in TRAD compared to SSG warm-up (Table 1).
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* * 

Figure 4. Differences in movement load and movement intensity between small-sided game (SSG)
and traditional (TRAD) warm-up. Note: * indicates p < 0.001.

* 

Figure 5. Differences in mean heart rate (HRmean) and peak heart rate (HRpeak) between small-sided
game (SSG) and traditional (TRAD) warm-up. Note: * indicates p = 0.001.

 
Figure 6. Differences in rate of fatigue (ROF), rating of perceived exertion (RPE) and enjoyment (ENJ)
between small-sided game (SSG) and traditional (TRAD) warm-up. Note: dashed lines indicate the
connection between the median values.
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Table 1. Mean SD for jumping and sprinting performances before and after each warm-up typology.

Dependent
Variable

TRAD SSG
P Interaction

P WU
Typology P Time

PRE POST PRE POST

CMJ (cm) 47.5 ± 11.4 47.4 ± 11.6 46.6 ± 11.3 46.7 ± 11.6 0.804 0.047 0.996
20 m (s) 3.18 ± 0.90 2.91 ± 0.89 2.93 ± 0.89 2.93 ± 0.89 0.459 0.680 0.592
10 m (s) 1.86 ± 0.12 1.70 ± 0.51 1.72 ± 0.52 1.69 ± 0.51 0.959 0.796 0.140

Note: CMJ = Countermovement Jump; 20 m = 20 m sprint time; 10 m sprint time; TRAD = traditional warm-up;
SSG = small-sided game warm-up; WU = warm-up.

Finally, SSG warm-up showed a moderately higher ROF (r = 0.443) and a largely
(r = 0.612) higher enjoyment compared to TRAD warm-up, although both results showed
non-statistically significant differences (p = 0.053 and p = 0.066 for ROF and enjoyment,
respectively) (Figure 6).

4. Discussion

The aim of this study was to compare the demands of a traditional basketball warm-
up with those of an SSG of equated duration. The main findings of this study were that
(i) TRAD had higher external load and intensities, likely due to higher distances covered
and more jumps performed; (ii) HR responses were higher in SSG, possibly induced by more
static exertions alongside heightened psychological and cognitive demands; (iii) similar
performance improvements were induced for sprinting and COD, while CMJ height was
higher after TRAD, possibly because of minor variations in the athlete’s conditions across
experimental days; and (iv) players expressed higher ROF after SSG than TRAD, while
RPE was similar across conditions.

Between the two warm-ups, TRAD had higher external loads and intensities com-
pared to SSGs while inducing similar performance improvements. This fact should be
well considered by basketball practitioners since accumulating excessive external loads
before an official game might not be desirable. This is particularly true for starting play-
ers, who are exposed to greater external loads during games and might develop fatigue
earlier [32]. Differently, HRmean and HRpeak were moderately higher in SSG. This con-
trasting result between external and internal load outcomes is critical for basketball coaches
and practitioners. It is possible that the actions performed during SSGs reflect typical
basketball scenarios in which players fight for their position on the court—such as boxing
out, setting picks, or post moves. These actions involve more static exertions, which are
typically executed during basketball game-play (1.5 occurrences per minute) [33]. While
these quasi-isometric actions do not feature positional displacement, and therefore do
not impact external loads, they increase the player’s HR [1]. Since SSGs were played on
half-courts and with opposition, it is plausible that players had higher HR responses under
this condition because of increased static exertions, which were not featured in the TRAD
warm-up. Furthermore, previous research has shown that increased cognitive demands
lead to heightened HR responses [34]. During the SSGs, players likely experienced greater
mental demands, induced by the greater complexity of the scenario in which they had to
continuously evaluate the opponents’ and teammates’ actions, while on the other hand,
the TRAD warm-up required only internally paced activities. Therefore, the higher mental
demands of SSGs might have also contributed to the higher HR responses found.

One of the main goals of a warm-up is to enhance the player’s physical capacities [4]. In
the current study, none of the protocols led to significant improvement in performance tests.
A possible explanation is the 8 min pre-warm-up performed before each condition, which
may have masked the effects of the subsequent TRAD and SSG warm-ups. While a pre-
warm-up is necessary to prepare players for baseline assessments (e.g., CMJ, sprint) and is
commonly included in similar studies investigating warm-up strategies (REF), it is possible
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that its execution had already primed the players for simple actions such as jumping and
sprinting. Consequently, the additional TRAD and SSG warm-ups may not have elicited
further post-activation potentiation effects. This is one of the key outcomes of this study
and it should be considered also when designing future research with similar aims.

Comparing the effects of TRAD and SSG warm-ups on performance outcomes, no
prominent differences were found. While a small significant difference was found across
warm-ups, this might be due to minor variations in the athletes’ conditions across ex-
perimental days. This hypothesis is supported by the absence of time effects in either
condition, and the higher ROF reported by players in the SSG day, while perception of
effort was similar. It appears therefore that SSGs can be used as a warm-up strategy in
youth basketball players as they do not differ from TRAD warm-ups in terms of phys-
ical preparation of players. Furthermore, SSGs might be preferred over TRAD as they
stimulate technical–tactical and cognitive abilities while preparing players physically and
physiologically [12], thus being a more effective and efficient training choice.

From the perceptual standpoint, TRAD and SSG warm-ups induced similar percep-
tions of effort (i.e., RPE scores), while ENJ was largely higher for SSGs. Our findings
corroborate previous studies which demonstrated that the ball content of SSGs elicits
positive affective responses in team sport players [35,36]. Thus, while perceived demands
were similar, the SSG warm-up was preferred by players, making it an optimal choice for
youth basketball coaches who want to keep their players in good spirit and well motivated.

Although this study provides important insights for basketball coaches and practition-
ers, some limitations should be acknowledged. Firstly, the external load was monitored
only with proxy variables, while more details might have been obtained using different
technologies which provide specific activity profiles (i.e., accelerations, jumps, changes
of direction). Secondly, player’s readiness following the warm-up conditions was mea-
sured only by means of a physical performance test, without considering the mental and
technical–tactical readiness, which are essential for team sports [37]. Additionally, the
outcomes of our study are referred only to youth male players, limiting the generalizations
to other basketball populations. Finally, our players were only tested on two occasions,
highlighting the short-term effects of the two warm-up protocols, with no information
available about the long-term responses (i.e., during the actual training sessions or official
match). Therefore, future studies should (i) compare basketball warm-up procedures eval-
uating their activity profiles in more detail; (ii) evaluate the effects of different warm-ups
on the psychological and technical–tactical readiness of players; (iii) replicate this study
in other basketball populations (i.e., female and/or adult players) to better generalize
the results; and (iv) include a long-term analysis to verify the effect of different warm-up
strategies on the post-warm-up activities.

5. Conclusions

Based on the outcomes of this study, basketball coaches are encouraged to adopt
SSG-based warm-ups when aiming to reduce external load while eliciting higher internal
demands through game-based scenarios involving static positions (e.g., picking, screening).
When preceded by a pre-warm-up routine, both SSG and traditional warm-ups can be
used interchangeably to prepare players for jumping, sprinting, and change-of-direction
performance. Importantly, given the substantially higher enjoyment reported during SSG
compared to traditional warm-ups, coaches should consider prioritizing this modality to
enhance players’ enjoyment and, potentially, their adherence to training across the season.
Overall, SSG warm-ups not only can prepare players physically in the short term but also
increase their enjoyment—both of which are important for optimal performance.
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effectiveness of active recovery and static stretching during post-exercise recovery in elite youth basketball. Res. Q. Exerc. Sport
2024, 95, 272–280. [CrossRef]

22. Attia, A.; Dhahbi, W.; Chaouachi, A.; Padulo, J.; Wong, D.P.; Chamari, K. Measurement errors when estimating the vertical jump
height with flight time using photocell devices: The example of Optojump. Biol. Sport 2017, 34, 63–70. [CrossRef]

23. Pernigoni, M.; Perazzetti, A.; Digno, M.; Tessitore, A.; Kamandulis, S.; Conte, D. Chill without thrill: A crossover study on
whole-body cryotherapy and postmatch recovery in high-level youth basketball players. Int. J. Sports Physiol. Perform. 2024, 19,
1218–1226. [CrossRef]

24. Nimphius, S.; McGuigan, M.R.; Newton, R.U. Relationship between strength, power, speed, and change of direction performance
of female softball players. J. Strength Cond. Res. 2010, 24, 885–895. [CrossRef] [PubMed]

25. Micklewright, D.; St Clair Gibson, A.; Gladwell, V.; Al Salman, A. Development and validity of the rating-of-fatigue scale. Sports
Med. 2017, 47, 2375–2393. [CrossRef]
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Abstract: Objectives: This study aimed to assess changes in anthropometric measures,
cardiometabolic markers, and physical fitness following a structured basketball training
program in healthy prepubertal boys. Methods: The intervention consisted of a 6-week
pre-season phase followed by a 32-week basketball training season conducted during the
academic year. Training sessions were held three times per week at moderate to vigorous
intensity, along with a weekly match. The participants were assessed at baseline, 6, 9,
and 12 months. A reference group was evaluated at baseline for comparison. The study
was registered at ClinicalTrials.gov (identifier: NCT07007624). Results: Seventeen boys
completed the program. Anthropometric assessments revealed increases in fat-free mass
in the trunk and lower limbs, along with maintenance of an adequate BMI. After nine
months, participants in the intervention showed significant improvements in fitness tests,
including a 45% increase in Course Navette performance (p < 0.001), a 21% increase in
horizontal jump performance (p = 0.001), and a 13% increase in abdominal test performance
(p < 0.001). Conclusion: These findings suggest that a structured, school-based basketball
program may enhance physical fitness and support healthy body composition maintenance
in healthy-weight prepubertal boys.

Keywords: child; physical activity; body composition; exercise; cardiovascular diseases

1. Introduction

The participation of children in group or organized physical activities plays a fun-
damental role in their holistic development [1]. Beyond promoting physical health, par-
ticipation in such activities also fosters emotional well-being, enhances social skills, and
supports cognitive development by encouraging cooperation, discipline, and problem-
solving abilities within a structured environment [2]. However, there is a concerning trend,
as many children are not regularly involved in such activities. This lack of participation
can be attributed to various factors, including the increasing dependence on technology
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and the limited access to suitable sports programs [3]. Understanding the causes and
seeking solutions to encourage active participation of children in group physical activities
are crucial for promoting a healthy lifestyle and an optimal development of social skills
from an early age [4].

Regular physical activity improves physical fitness, including cardiovascular en-
durance, muscular strength, flexibility, lung capacity, body composition, and metabolic
health [5,6]. Team sports are highly effective in improving youth health by enhancing
strength, flexibility, balance, and coordination, while also reducing body fat and boosting
cardiorespiratory endurance [7]. Basketball, in particular, is a comprehensive sport that
involves sprinting, jumping, and feints, engaging both the upper and lower limbs [8,9].
As a team-based activity, it maintains active participation and high levels of physical ac-
tivity [10]. Its high-intensity training and regular practice have been shown to produce
significant improvements in physical fitness, even in children [11].

Intensive and frequent physical training can significantly influence cardiovascular
health in children and adolescents [12]. While some studies focus exclusively on cardiovas-
cular adaptations to training, there is limited research considering the effects of physical
fitness on metabolism and body composition. Therefore, the objective of this study was to
evaluate changes in physical fitness, cardiometabolic health, and body composition in boys
participating in a regular after-school basketball training.

2. Materials and Methods

2.1. Study Design and Participants

A prospective, non-randomized controlled intervention study was conducted. The
protocol was registered at ClinicalTrials.gov (NCT07007624). The study was designed and
reported following the TREND statement guidelines (Supplementary Materials S1).

An after-school basketball program was offered to students from middle socioeco-
nomic backgrounds in Córdoba (Spain). The inclusion criteria were age between 7 and
12 years, normal weight, and good health, with Tanner stage I (prepuberal). Exclusion
criteria included any clinical or analytical sign of puberty, presence of disease, or use
of medication that could affect blood pressure (BP), glucose, or lipid metabolism. The
study was designed in accordance with the ethical principles for human research of the
Declaration of Helsinki. It was approved by the local ethics and research committee at
University Reina Sofia Hospital (Code: 1866). All participants and their families were
informed about the study and voluntarily agreed to participate. Informed consent from
their parents or legal guardians was obtained. All measurements and data collection were
performed across the school year, from September to June.

A non-randomized convenience sample was selected due to ethical and logistical
limitations that prevented the random assignment of children to a structured, year-long
training program. First, 20 boys of the same age and gender were chosen to form a
basketball team (group B), in accordance with federal recommendations. Their training
sessions were monitored by a highly qualified basketball trainer. These boys were selected
based on their interest in participating in basketball activities, which may have contributed
to higher baseline levels of physical fitness. Three participants from the intervention group
withdrew from the study due to scheduling conflicts. Their baseline anthropometric and
physical fitness values were within the same range as the other interventions. Therefore,
no relevant differences were identified that would suggest a systematic bias resulting from
dropout. These participants were not included in the statistical analysis.

Second, a cohort of 74 boys from the same schools and social background was selected
to serve as a healthy reference group (HRG), at baseline time. The purpose of including
this group was to confirm that participants in the intervention group were comparable,
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at baseline, to a larger population of healthy prepubertal boys. All participants were
healthy prepubertal boys of similar age and socioeconomic background. Although no
formal matching was performed, both groups shared a common educational and social
context. This healthy reference group (HRG) participated in a single assessment visit, as
only one-time permission was granted.

2.2. Intervention

The basketball training program, supervised by a qualified trainer, was divided into
two periods: a pre-season period at the beginning of the school year, during the first 6
weeks, and immediately afterward, a 32-week season lasting until the end of the school
year. After the program concluded, recommendations to be active were provided for the
summer holidays, and a follow-up assessment was conducted 3 months after the end of
the intervention.

The pre-season included 5 training sessions (Monday to Friday) per week of 2 h each.
This intervention was focused on dribbling, defending, and shooting skills. The season
included 3 training sessions per week of 2 h each (after school) and a match during the
weekend. Each session was divided into two periods separated by a break of 10 min: the
first period focused on individual skills with moderate- to high-intensity (60–85% of heart
rate (HR)) exercises, and the second period focused on game tactics and strategy.

2.3. Outcomes

At baseline (B0), clinical examination, body composition, physical fitness tests, BP, and
blood draws to assess biochemical parameters related to metabolism and cardiovascular
health were performed in all boys included in the study. Follow-up visits were conducted
at 6 months (B6), 9 months (B9), and 12 months (B12) during which anthropometric and
other measurements were repeated. No training sessions took place between B9 and B12

(Figure 1). All measurements were performed under standardized conditions: after bladder
emptying, 3 h after rising and eating, and without previous intensive exercise.

Figure 1. Activity schedule across the different time points of the study (basal B0, and at 6, 9, and
12 months (B6, B9, B12) in boys participating in a basketball program.

2.3.1. Clinical Examination

A comprehensive clinical evaluation was performed by trained healthcare profession-
als, including a structured anamnesis to collect medical and family history (particularly
regarding metabolic or cardiovascular diseases), current health status, and medication
use. Sexual maturity was assessed using Tanner’s five-stage scale [13] through a physical
examination conducted in a private setting by a pediatrician. In boys, this included the
evaluation of genital development and pubic hair distribution.
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2.3.2. Body Composition

Body weight and height were measured using standard techniques, a beam balance,
and a precision stadiometer SECA 213 (Scale 20–205 cm; SECA, Hamburg, Germany), with
the participants lightly dressed and barefoot. BMI was calculated as weight (kg)/height
(m2) and compared to growth charts for Spanish children; percentiles were calculated
to determine the relative standing of each value within the data distribution [14]. The
z-score was calculated to determine how far each value deviates from the mean in terms
of standard deviations. Body composition components such as fat-free mass and fat mass
were obtained by bioelectrical impedance analysis using a Tanita BC 418 MA Segmental
Body Composition Analyser® (TANITATM, Tokyo, Japan).

2.3.3. Blood Pressure

Systolic and diastolic BP and HR were measured in the right arm in a sitting position,
using a random-zero sphygmomanometer (Dinamap V-100, GE HealthCare, Chicago, IL,
USA) after the participants had rested without changing position for at least 5 min. Each
measurement was taken three times non-consecutively. Total systolic blood pressure (SBP)
and diastolic blood pressure (DBP) values were calculated as the average of all available
data from both groups.

2.3.4. Blood Biomarkers

Fasting blood samples were collected and analyzed for complete blood count, glucose,
insulin, lipids, and the homeostatic model assessment for insulin resistance (HOMA-IR).
Blood samples were obtained from the antecubital vein between 08.00 and 09.30 h after
an overnight fast of at least 12 h. Samples collected in EDTA tubes were centrifuged
and immediately stored at −80 ◦C. They were drawn. The blood count and general bio-
chemical parameters were analyzed at the laboratory in the reference hospital. Glucose
(coefficient of variation (CV) = 1.0%) was analyzed using the glucose oxidase method in
an automatic analyzer (Roche-Hitachi Modular P and D Autoanalyser; Roche Laboratory
Systems, Mannheim, Germany), and plasma insulin was analyzed by radioimmunoassay
(RIA) (CV = 2.6%) using an automatic microparticle analyzer (AxSYM; Abbott Laboratories,
Chicago, IL, US). Insulin resistance (IR) was calculated by the HOMA-IR. Serum triacylglyc-
erides (TAG) (CV = 1.5%), total cholesterol (CV = 0.9%), high density lipoprotein cholesterol
(HDL-c) (CV = 0.8%), and low-density lipoprotein cholesterol (LDL-c) (CV = 1.5%) were
measured using an automatic analyzer (Roche-Hitachi Modular P and D Autoanalyser;
Roche Laboratory Systems, Mannheim, Germany).

2.3.5. Cardiorespiratory Fitness (Course Navette Test)

The Course Navette test was employed to evaluate cardiorespiratory fitness. Partici-
pants were required to run for the maximum possible time in a continuous 20 m shuttle
run at a progressively increasing speed. The test is structured in periods or stages called
paliers, each lasting approximately one minute, during which the running speed remains
constant. At the end of each period, the speed increases slightly, requiring greater physical
effort. The test ends when the participant fails to reach the line at the time of the beep
on two consecutive occasions. The number of completed stages allows for an indirect
estimation of maximal oxygen consumption (VO2 max) and enables the classification of
aerobic performance into different levels [15].
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2.3.6. Lower Body Explosive Strength (Horizontal Jump Test)

Lower-body muscular strength is evaluated through the horizontal jump test [16].
Participants performed three maximal jumps with feet together; the longest was recorded.
A take-off mark ensured correct foot placement and prevented invalid attempts.

2.3.7. Core Strength (Abdominal Test)

Core strength was assessed using a 30 s sit-up test. From a supine position, participants
performed as many correctly executed sit-ups as possible within the time limit, touching
elbows to thighs and returning shoulders to the mat.

2.4. Sample Size

As the horizontal jump is one of the main outcomes for this study, the sample size
was determined by calculating the statistical power based on a previous study [17], using
G*Power software (version 3.1, Düsseldorf, Germany) for a repeated-measures ANOVA
(within-subjects) design, with an expected effect size of f = 0.25, α = 0.05, power = 0.80
and four measurements. Based on this parameter, the minimum sample size required to
detect an 8% difference in horizontal jump performance was estimated to be 17 partici-
pants. The horizontal jump was selected as the basis for the power calculation due to its
high responsiveness to lower-body training and suitability for assessing neuromuscular
adaptations in prepubertal children. Other parameters, such as metabolic markers, were
considered exploratory and were not used for sample size determination because of their
greater interindividual variability and lower sensitivity to exercise in a healthy pediatric
population [18]. The aim was to assess the effectiveness of the intervention in improving
physical fitness, which is why the horizontal jump test was chosen.

2.5. Statistical Analysis

Data are expressed as the mean ± standard deviation. The Shapiro–Wilk test was
used to assess whether the variables followed a normal distribution. To compare physical
fitness, anthropometric, and biochemical parameters at different time points within the
intervention group, repeated-measures ANOVA was used for variables following a normal
distribution, with Bonferroni-corrected post hoc tests applied when the main effect was
significant. For variables that did not meet normality assumptions, the Wilcoxon test
was used for within-group comparisons (e.g., B0 vs. B12). To compare baseline values
between the HRG and the intervention group, the Mann–Whitney U test was applied, as
the data did not follow a normal distribution and the sample sizes were unequal. Pearson
correlation coefficients were employed to examine the bivariate correlations among the
variables. Correlation models were fitted to assess relationships between physical fitness,
anthropometry, and biochemical parameters at different times. All statistical analyses were
performed using SPSS Statistics 25 software (IBM SPSS, New York, NY, US). In all analyses,
statistical significance was set at a 2-tailed p-value < 0.05. A per-protocol analysis approach
was used, and therefore, no imputation was applied for missing data. Only data from
participants who completed the entire intervention, and all follow-up measurements were
included in the analyses.

3. Results

A total of 91 children participated in the study: 74 in the HRG and 20 in the intervention
group (B), of whom 17 completed the study (Figure 2). No significant differences observed
between groups (HRG)—(B0) at baseline in weight, height, weight percentile, height
percentile, BMI, and BMI z-scores. However, there was an increase in weight and height
from B0 to B12 in trained boys. Additionally, lower levels in both SBP and DBP were
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noted in B0 compared to HRG and maintained during training (Table 1). The results of the
HRG in comparison with B0 of the intervention group are presented in the Supplementary
Materials (Supplementary Materials, Table S1).

Figure 2. Flowchart of participants who completed the intervention.

Table 1. General anthropometric measurements at baseline (B0) and at 12-month follow-up (B12) in
the intervention group after the basketball training program.

B0 B12 Δ p-Value

Age (year) 10.9 ± 1.41 11.9 ± 1.41 1.0 <0.001

Weight (kg) 43.8 ± 10.45 47.0 ± 10.80 3.2 <0.001

Weight percentile 56.8 ± 28.32 54.7 ± 28.61 2.1 0.826

Height (cm) 149.4 ± 8.67 153 ± 9.83 3.6 <0.001

Height percentile 65.2 ± 26.09 68.0 ± 9.83 2.8 0.361

BMI (kg/m2) 19.5 ± 3.04 19 ± 2.57 0.5 0.555

BMI Z-score 0.1 ± 0.96 −0.1 ± 0.73 0.2 0.099

DBP (mmHg) 62.9 ± 8.90 55 ± 5.99 2.1 0.311

SBP (mmHg) 114.5 ± 7.68 108.2 ± 10.63 6.3 0.450

HR (bpm) 66.4 ± 11.57 69.7 ± 10.84 3.3 0.005
BMI: Body mass index; DBP: Diastolic blood pressure; SBP: Systolic blood pressure; HR: Heart rate. Data are
expressed as mean ± standard deviation and differences (Δ: B12–B0); One-way ANOVA or Wilcoxon test was
performed, depending on whether the variables followed a normal distribution, using repeated measures.

Significant differences in fat-free mass were observed in several body regions in
boys trained at different times of measurements without differences in total fat-free mass
(Figure 3A). Especially, in the trunk, a reduction in fat-free mass was found in B12 compared
to B9 (B9: 57.26 ± 2.53% vs. B12: 55.71 ± 2.4%; Δ: 1.55%) and B0 (B0: 57.1 ± 2.71% vs. B12:
55.71 ± 2.4%; Δ: 1.39%) (Figure 3B). In upper limbs no significant differences were found
except an increase in B9 (B9: 4.42 ± 0.37% vs. B0: 4.31 ± 0.34%; Δ: 0.11%) and B12 (B12:
4.43 ± 0.52% vs. B0: 4.31 ± 0.34%; Δ: 0.12%) respect to baseline in right limb (Figure 3C).
Lower limbs showed an increase of fat-free mass from basal time to the end of the study
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(left (B0: 16.72 ± 1.11% vs. B12: 17.34 ± 0.97%; Δ: 0.62%); right (B0: 17.32 ± 1.12% vs. B12:
17.97 ± 1.07%; Δ: 0.65%)) (Figure 3D). Detailed data are presented in the Supplementary
Materials (Supplementary Materials, Table S2).

Figure 3. Percentage of fat-free mass at different times (B0, and at 6, 9, and 12 months (B6, B9, B12) in
boys participating in the basketball training program. Data are expressed as mean percentages and
standard deviation: (A) Fat-free mass total body; (B) Fat-free mass trunk; (C) Fat-free mass upper
limbs; (D) Fat-free mass lower limbs. B0: baseline; B6: 6 months of intervention; B9: 9 months of
intervention; B12: 3 months after the intervention (follow-up). Statistical significance was deter-
mined using one-way ANOVA or Wilcoxon test, depending on normality; p-values are reported for
pairwise comparisons.

The group of basketball training showed better results in jump and abdominal
tests than HRG at basal time without differences in Course Navette test (Supplementary
Materials, Table S1). At B12, boys improved their results in all these tests compared with
their baseline data (Course Navette (B0: 5.2 ± 2.3 min vs. B12: 7.9 ± 2.2 min; Δ: 2.7 min);
horizontal jump (B0: 147.5 ± 21.3 cm vs. B12: 155.2 ± 23.5 cm; Δ: 7.7 cm); abdominal test
(B0: 23.8 ± 6.6 number of repetitions vs. B12: 26.3 ± 6 number of repetitions; Δ: 2.5 number
of repetitions) (Figure 4). The data are presented in detail in the Supplementary Materials
(Supplementary Materials, Table S3).

Figure 4. Physical fitness test results at baseline (B0) and after 12 months (B12) in boys participating
in the basketball training program. Data are expressed as mean and standard deviation: (A) Course
Navette; (B) Horizontal jump; (C) Abdominal test. Statistical significance was determined using one-way
ANOVA or Wilcoxon test, depending on normality; p-values are reported for pairwise comparisons.
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Blood parameters were within the normal range compared with reference values from
the laboratory, indicating that all the children exhibited a state of good health at baseline
(for both groups). It was maintained in the follow-up after the intervention (B12) in the
trained group (Table 2).

Table 2. Blood parameters at baseline (B0) and at 12-month follow-up (B12) in the intervention group
after the basketball training program.

B0 B12 Δ p-Value Reference Values

Leukocytes (×103/μL) 6.13 ± 1.56 5.49 ± 1.34 0.64 0.055 4–12.4

Hemoglobin (g/dL) 12.82 ± 2.37 13.11 ± 0.75 0.29 0.226 12–16

Iron (mg/dL) 60.50 ± 26.70 78.82 ± 21.17 18.32 0.016 50–170

Ferritin (ng/mL) 30.78 ± 12.98 30.24 ± 13.36 0.51 0.776 10–120

Glucose (mg/dL) 90.15 ± 14.46 92.29 ± 7.08 2.14 0.736 74–106

Insulin (μUI/mL) 8.09 ± 6.15 8.90 ± 3.59 0.81 0.962 3–25

HOMA-IR 1.89 ± 1.34 2.04 ± 0.86 0.15 0.981 0–2.9

Total cholesterol (mg/dL) 169.40 ± 27.83 166.18 ± 26.61 3.22 0.434 140–220

HDL-c (mg/dL) 64.15 ± 11.18 52.82 ± 11.49 11.33 <0.001 40–80

LDL-c (mg/dL) 91.75 ± 24.11 99.18 ± 23.42 7.43 0.077 50–130

Apolipoprotein a (mg/dL) 148.26 ± 23.07 129.88 ± 19.31 18.38 <0.001 105–220

Apolipoprotein b (mg/dL) 60.37 ± 14.66 61.06 ± 12.92 0.69 0.966 65–130

Triglycerides (mg/dL) 65.25 ± 20.30 68.88 ± 31.00 3.63 0.467 20–250

Aspartate Transaminase (U/L) 26.10 ± 5.31 22.82 ± 3.15 3.28 0.003 5–34

Alanine transaminase (U/L) 20.20 ± 11.15 17.35 ± 5.58 2.85 0.115 10–49

C-reactive protein (mg/dL) 2.55 ± 4.35 0.92 ± 1.25 1.63 0.017 0–10

HOMA-IR: Homeostasis model assessment of insulin resistance; HDL-c: High density lipoprotein cholesterol;
LDL-c: Low density lipoprotein cholesterol. Data are expressed as mean ± standard deviation and differences
(Δ: B12–B0); one-way ANOVA or Wilcoxon test was performed, depending on whether the variables followed a
normal distribution, using repeated measures.

The Course Navette test was negatively correlated with BMI z-score at baseline
(r = −0.521, p = 0.046), and this association became stronger at B12 (r = −0.738, p = 0.010),
indicating that higher aerobic fitness was linked to lower BMI z-scores. At B12 follow-up,
the Course Navette test also showed a significant inverse correlation with C-reactive protein
(CRP) levels (r = −0.714, p = 0.009). In addition, at B12 follow-up, both horizontal jump
performance (r = −0.651, p = 0.022) and abdominal test performance (r = −0.659, p = 0.020)
were negatively correlated with CRP.

4. Discussion

An after-school program of basketball training conducted during the school year led
to improvements in body composition and physical fitness in a group of prepubertal boys,
compared with a similar group that did not receive the intervention.

While few studies have explored anthropometric and performance adaptations specif-
ically in preadolescent basketball players, most have involved shorter interventions, het-
erogeneous samples, or lacked follow-up assessments. In contrast, the present study
adds novel evidence from a 9-month structured basketball program in healthy-weight
prepubertal boys, including data from a post-intervention training period. This approach
provides a clearer understanding of both the benefits and the potential reversibility of such
interventions during a critical stage of development. Some limitations in evaluating the
effects of basketball training are associated with small teams with a controlled number of
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participants [19] or teams solely comprised of individuals of one sex [20]. However, in this
study, comparison with an HRG at baseline ensured that all participants began from similar
conditions with comparable health statuses prior to training. Furthermore, the intervention
was conducted by expert trainers who specifically prepared this group of prepubertal boys
to compete under real conditions against similar counterparts.

Previous studies have consistently demonstrated a general increase in all anthropo-
metric traits during the training period in children who practice basketball, coupled with
a decrease in fat mass [21–23]. This reduction in fat mass has been attributed to both
the rapid growth of fat-free mass and a slower accumulation of fat. Excessive fat mass
not only hampers mobility in sports but also adversely affects physical performance [24].
Decreasing body fat reduces strain on both the musculoskeletal and cardiovascular systems,
thereby enhancing movement efficiency and the capacity for physical exercise, which leads
to improved strength, endurance, and overall functional capability [25]. In the children
participating in this study, a decrease in BMI z-scores and fat mass was observed, while
normal-weight status was maintained. These results were accompanied by improved
performance in the Course Navette test. These findings are consistent with those of a
previous study in children of similar age, where participants with higher BMI achieved
worse results in fitness tests [26].

Basketball emerges as an excellent candidate for enhancing body composition and
bone mineral density due to its high-impact nature [27]. Sports like basketball are charac-
terized by their impact and required actions, such as jumping, similar to volleyball [28],
handball [29], or dance [30]. Furthermore, full-body sports such as swimming involve both
the upper and lower limbs but lack impact on the body, as they take place in a microgravity
environment where the body is not subjected to impact forces [31]. In this study, a general
improvement in fat-free mass was observed in both the lower and upper limbs throughout
the training period. Participation in comprehensive sports that involve both lower and
upper body training has been associated with a decrease in fat mass and an improvement
in fitness levels among prepubertal and early pubescent children [32].

The Course Navette test is a widely used tool to assess physical fitness, providing
valuable information on maximal effort and aerobic capacity [33]. It also reflects cardiovas-
cular and respiratory health through its estimation of maximal oxygen consumption [34].
This improvement is attributed to their commitment to an active lifestyle, characterized by
regular levels of physical activity. The systematic practice of sports also promotes cardio-
vascular health, which is further associated with anthropometric improvements [35]. In the
present study, interesting inverse correlations have been found, especially at the end of the
intervention, between physical fitness and both weight and BMI z-score, and with CRP, a
well-established biomarker of inflammation. These findings suggest that improvements in
physical fitness may be associated with healthier body composition and reduced systemic
inflammation in children by the end of the intervention.

The frequency of sport practice has been closely linked to improvements in fitness [36].
A study involving 19 basketball players in training sessions conducted twice a week
for 8 weeks resulted in enhanced cardiorespiratory fitness, explosive strength, and core
strength [37]. Similarly, in another study focusing on prepubertal children who trained three
times a week for 12 weeks, improvements were observed in anaerobic capacity, endurance
running, and overall strength [32]. Thus, training twice a week emerges as a viable option
to achieve health benefits with enhancements in jumping and running performances,
along with an increase in fat-free mass, as previously reported [26]. Furthermore, higher
performance in horizontal jumps has been linked to improved sprints and agility in male
adolescent basketball players [38].
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It is also evident that participants in the intervention group demonstrated superior per-
formance compared to those in the HRG assessed at baseline, particularly in the abdominal
and horizontal jump tests. This discrepancy may be attributed to the fact that individuals
in the intervention group were generally more active and inclined to participate in sports
activities compared to their HRG counterparts. This suggests a potential selection bias, as
children with a greater inclination toward physical activity may have been more likely to
enroll in the intervention, thereby limiting the attribution of the observed improvements
solely to the training program.

Both groups showed normal biochemical values at baseline, which were maintained
after the intervention in the basketball group. Regular, controlled training appears to
support the maintenance of a healthy metabolic profile in children. Throughout the follow-
up, no significant longitudinal changes were observed in the intervention group. Only CRP
showed an inverse relationship with physical fitness outcomes, suggesting a potential link
between inflammatory status and fitness. In particular, basketball benefits multiple systems
and supports disease prevention during youth [39]. However, the primary health-related
improvements observed in this intervention were related to physical fitness and body
composition, rather than metabolic markers. These benefits seem to decline after ~12
weeks of inactivity, with reductions in lean mass evident within three months after the
intervention (B12). Concretely, some outcomes, such as trunk fat-free mass, declined during
the three-month follow-up after the intervention ended (B12), indicating that the positive
effects of the program may be partially reversible. This regional decline may reflect the
nature of basketball, which emphasizes lower-limb activity. Therefore, reductions in trunk
fat-free mass after detraining may have occurred more rapidly compared to the legs. These
findings highlight the importance of maintaining regular physical activity to sustain the
benefits achieved through structured training interventions. Furthermore, future studies
should continue to explore whether dynamic and high-intensity sports such as basketball
might positively influence metabolic health and insulin sensitivity [40].

4.1. Practical Implications

Maintaining regular physical activity is essential for preventing sedentary behaviors
that increase the risk of chronic diseases. This study supports basketball as an effective strat-
egy to promote physical fitness and maintain healthy body composition in healthy-weight
prepubertal children. These findings could help inform recommendations in pediatric
healthcare settings, particularly for children at risk of excess adiposity or low fitness levels.
Future public policies might consider incorporating structured after-school sports programs
as part of preventive health strategies for youth populations.

The program was implemented by certified basketball coaches with extensive experi-
ence in youth sports. Rather than limiting replicability, we believe this detail strengthens
the internal validity of the study and sets a benchmark for structured school-based inter-
ventions. This characteristic may serve as a model for future programs aiming to replicate
similar outcomes under comparable conditions.

4.2. Limitations

This study was limited to prepubertal boys, which may reduce the generalizability
of findings to girls or older adolescents. The intervention was conducted in a single
setting with a relatively small sample size. Participation was voluntary, and children with
greater initial motivation or physical fitness may have been more likely to participate (e.g.,
interest in participating in basketball activities), introducing a selection bias that could
explain baseline differences in some physical fitness variables. Moreover, due to ethical and
logistical constraints, it was not feasible to randomly assign children to an extracurricular
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training program they might not have chosen to join, which limited the possibility of
randomization. Future studies should include longitudinal follow-ups to assess sustained
effects and explore differences by sex, maturation stage, and training modalities. Another
important limitation is the absence of a longitudinal control group. The HRG was included
at baseline only to ensure a similar health status to the group that would participate in
the program, but it was not followed over time. Therefore, we cannot completely rule
out the influence of natural growth and development on the observed changes in the
intervention group. Heart rate monitoring was not conducted because it is prohibited in
basketball for safety reasons, both during competitions and training sessions, as it is a
high-contact sport. Additionally, in this type of sport, it is difficult to accurately assess the
intensity at which each participant is exercising. However, by using physical fitness tests to
assess the participants’ baseline capacity, the training intensity and volume were adjusted
to approximately 60–85%, based on their age. This approach ensures that participants
remain within an aerobic range, avoiding excessive intensity that could push them into
an anaerobic zone. All sessions were supervised by a qualified instructor with a degree
in sport sciences. However, all sessions were supervised by a certified basketball coach
with a degree in sport sciences. Additionally, the study included only a single follow-up
measurement after the intervention ended (B12), which limited the ability to evaluate the
long-term sustainability of the observed benefits.

5. Conclusions

A 32-week after-school basketball training program conducted three times per week,
plus a weekend match, and performed at moderate to vigorous intensity, was associated
with improvements in physical fitness and body composition in healthy-weight prepu-
bertal boys. However, randomized controlled interventions should be conducted, and
meanwhile, these changes should be interpreted with caution, as natural growth and other
external factors may have contributed to the observed effects. Nevertheless, these results
support the integration of structured team sports like basketball into school or community
programs as an effective strategy to promote children’s health and prevent the early onset
of metabolic disorders.
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Abstract: Professional training in elite team handball academies is key to developing top
players, yet its direct impact on physical performance remains unclear. This study aimed
to (1) provide professional training to elite adolescent players and (2) assess performance
improvements using a team handball-specific test. Thirty elite male players (six goalkeepers,
24 field players) participated in an 11-week program, with nine under-19 (17.2 ± 1.3 years)
and nine under-17 (15.6 ± 0.9 years) field players completing at least 80% of sessions.
All underwent pre- and post-testing using the game-based performance test. A two-way
ANOVA analyzed differences between tests and age groups as well as playing positions.
Significant improvements (p < 0.05) were found in defense and offense time and body
weight for both groups. Under-17 players also showed a significant increase in peak oxygen
uptake (+9%), ball velocity (+7%), and jump height (+20%). Agility in defense and offense
improved in under-19 (+3%) and under-17 (+6%) players, aligning with training goals.
Positional differences were observed between backcourt players and wings (p < 0.01) in
the ball velocity, while all players showed improvements in both defense and offense
performance. We suggest that professional and targeted specific training at this age has a
significant impact on the long-term development of adolescent team handball players and
is the basis for a professional handball career.

Keywords: training; testing; physical training; team handball match; oxygen uptake;
blood lactate

1. Introduction

Team handball is an Olympic team sport played on an indoor court measuring
40 × 20 m2. Characterized by fast-paced, intermittent defensive and offensive actions,
the game’s objective is to score more goals than the opposing team. A standard match con-
sists of two 30-min halves, during which players cover distances between 3900 and 4700 m.
Among elite male team handball players, relative workloads typically range from 70–80%
of maximal oxygen uptake (VO2max) throughout a match, with workload reductions
commonly seen in the second half. Each field player (six field players and one goalkeeper
per team) undergoes numerous intensity shifts and technical demands, including direction
changes (25–35 per match), jumps (10–20), throws on goal (5–10), passes (40–60), and both
light (45–55) and hard (10–15) body tackles [1,2]. These high-intensity actions alternate with
periods of low-intensity movement, such as walking and standing, which comprise 70–75%
of total playing time. Notably, elite players spend only 1–2% of total playing time sprint-
ing [1,3,4]. Due to their position-specific roles, backcourt players, wings, and pivots differ
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in total playing time and total distance covered (with wings playing longer), body weight
(pivots being heavier), as well as sprinting and throwing performance (wings performing
more sprints, while backcourt players achieve higher ball velocities) [4–7], with these
differences generally more pronounced in adult players compared to adolescents [8–11].
However, a switch between playing positions during adolescence is not uncommon, and
some of the world’s best wings or pivots previously played as backcourt players (backs) in
their younger years. In practice, elite training in adolescent team handball tends to be less
position-specific compared to the more specialized training seen at the adult elite level.

In male team handball, professional training for adolescent players is crucial for devel-
oping top-elite athletes. Such training typically involves 7–8 sessions per week, including
general physical and specific team handball training, along with participation in 1–2 na-
tional or international top-level matches. Despite the rigorous frequency and intensity
of this training regimen, its effectiveness is often assessed through coach observations
during training and matches, as well as through general physical performance tests [10–19].
However, the aim of professional training in adolescent team handball is to enhance specific
physical performance. Therefore, accurately measuring this performance is essential to
assess potential improvements. A test to determine this specific physical performance
is the team handball game-based performance test (GBPT), which has been validated in
previous studies [20,21]. In elite adolescent team handball players, Wagner, Hinz [22]
found a correlation between increasing age and specific team handball performance. Fur-
thermore, the GBPT was used to assess the adaptation of specific performance to specific
physical training in a one-year training study involving elite adult male team handball
players [23]. Evaluating the effects of professional training in adolescent team handball
within a controlled study can provide valuable insights into optimal training planning for
this age group. In this context, it is also relevant to investigate whether players of different
age groups and playing positions (backs, wings, and pivots) respond differently to the
training stimulus.

Consequently, the aims of the study were (1) to provide professional training to elite
adolescent team handball players, and (2) to measure their performance improvement
utilizing the GBPT. We hypothesized that the professional training regimen would lead
to measurable improvements in specific physical performance among elite adolescent
team handball players, with significant differences in improvement between age groups
(under-19 and under-17) and playing positions (backs, wings, and pivots).

2. Materials and Methods

2.1. Participants

Thirty adolescent male team handball players, consisting of six goalkeepers and
24 field players, were involved in this study. Only field players took part in the GBPT.
Inclusion criteria for field players required attendance at a minimum of 80% of all training
sessions during the study period. Consequently, the study included (Figure 1) nine under-
19 players (age: 17.2 ± 1.3 years, body weight: 77.8 ± 6.0 kg, body height: 1.82 ± 0.04 m)
and nine under-17 players (age: 15.6 ± 0.9 years, body weight: 71.5 ± 14.5 kg, body height:
1.82 ± 0.06 m).

All participants included in the study were deemed physically healthy and reported no
injuries that would prevent them from participating in team handball training or matches
during the study period. The Ethics Committee of the University of Salzburg approved
the research protocol (reference number: GZ-44-2015) in accordance with the Declaration
of Helsinki. Prior to participation, all participants signed informed consent. For players
under 18 years of age, their legal guardians reviewed and signed the informed consent.
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Figure 1. Consort flow allocation of the study.

2.2. Study Design

This study constituted a quasi-experimental study spanning an eleven-week training
period, encompassing both the pre-season preparation phase and the initial three games of
the highest under-19 and under-17 German Team Handball League’s official season. The
training regimen comprised 2–3 physical sessions and 4–5 specific team handball training
sessions, amounting to a total of 7–8 sessions per week, along with 1–2 matches weekly. To
assess performance improvement, all participants underwent the GBPT twice: once prior
to the training period (pre-testing) and once after its completion (post-testing).

2.3. Team Handball Game-Based Performance Test (GBPT)

Before testing, participants completed an eight-minute general warm-up (jogging)
and a fifteen-minute handball-specific warm-up involving passing, throwing, directional
changes, and light contact. The GBPT began with one familiarization heat at ~70% effort,
followed by eight test heats featuring handball-specific offensive and defensive actions,
transitions, and active recovery phases [21].

In defense, participants sprinted three times from the 6 m to 9 m line, simulating
tackles by touching padded roll mats (Figure 2) with both hands. In offense, they sprinted
from the 12 m to 9 m line three times, touching 0.5 × 0.5 m floor markers with one foot
while catching and passing the ball (Figure 2). In heats #2, #3, #4, #6, and #8, participants
completed offensive actions with a one-legged jump shot, aiming for maximum throwing
speed into the bottom corner of the goal. In heats #3 and #6, participants performed fast
breaks by sprinting from defense to offense, receiving the ball at 12 m, and finishing with a
jump shot at 9 m. In heats #4 and #6, they executed fast retreats from offense to defense
immediately after the jump shot. A detailed description of the different movements in all
heats has been published in a previous validation study of the GBPT [21].
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Figure 2. Schematic figure of the playing court in the team handball game-based performance test.
Adapted from a previously published study [24].

Defense time (first to last contact on padded mats), offense time (contacts on floor
markers), 10 m-fast break time (from 9 m defense line to midline), and 20 m-fast break
time (midline to offensive floor markers) were measured using three manual stopwatches
(Hanhart Stratos 2, Hanhart GmbH, Gütenbach, Germany) [20,25]. Fast retreat time was
excluded due to variable acceleration after jump shots. Break durations, 20 s (between
offense and defense), 15 s (between two actions), and 40 s (between heats), were controlled
using Multi-Timer-Ultimate 3.1 software, with an audible countdown in the final 3 s. Jump
shots were recorded at 200 fps (JVC-GC-PX100BE, Yokohama, Japan), and analyzed with
Tracker 4.59 software (Douglas Brown, Aptos, CA, USA) to calculate ball velocity and jump
height. Calibration used a 4-point reference from the goal (2 × 3 m). Flight time was defined
as the interval between take-off and landing foot contact. Ball velocity was calculated from
2D motion over 15 frames, and jump height from flight time using gravitational acceleration.
The mean values of the best three attempts were used for analysis [20].

hjump =
g
8
× t2

f light

During the GBPT, heart rate and oxygen uptake were measured using a heart rate belt
(Suunto T6d, Suunto, Vantaa, Finland) and a portable breath-by-breath gas analysis system
(K5, Cosmed, Rome, Italy). Peak heart rate (HRpeak) and peak oxygen uptake (VO2peak)
were calculated across all heats. For VO2peak, only values surrounded by two consecutive
measurements above 90% of the peak were included to ensure accuracy [25].

2.4. Training Program

As outlined in the study design, the training program included an eight-week pre-
season preparation phase and a three-week competition phase (Figure 3), which encom-
passed the first three games of the official season in Germany’s highest-team handball
league. To structure the training effectively, seven distinct training focuses were established:

Warm-up: The warm-up phase was designed as optimal preparation for subsequent
training activities, incorporating several components: individual run-in exercises, running
ABC drills (e.g., heel kicks, knee lifts, step jumps, hop runs, and side-steps), ball-handling
drills (e.g., bouncing, juggling, and passing), coordination exercises using ladders, rings,
and benches, preparatory exercises such as complex passing drills, and/or warm-up games
(e.g., small-sided games). In the competition phase, the average weekly warm-up time
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was 60 min, whereas, in the preparation phase, it was 80 min (Figure 4), due to the higher
training volume during the preparation phase (Figure 3).
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Figure 3. Total minutes per week (including training and matches) during the eleven-week training
program, encompassing the preparation and competition phases as well as a vacation week, for the
under-17 players.
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Figure 4. Mean minutes per week for the seven training focuses, separated by competition and
preparation phases, in the under-17 players.

Other sport: To introduce variation into the training process, other sports such as
soccer, basketball, and volleyball along with various athletic disciplines like sprinting, long
jump, shot put, javelin, and swimming, were incorporated into the preparation phase.

Physical performance: Physical performance training plays a crucial role in optimizing
preparation for high-performance training in elite adult team handball, particularly at this
developmental stage [17,22,26]. Therefore, it was a primary focus during training sessions.
This training encompassed various components, including low-intensity endurance (high
volume), high-intensity interval training (both general and team handball-specific, fea-
turing different interval lengths), sprint training, repeated sprint ability, agility training,
as well as sensomotoric, mobility, and flexibility training, alongside strength and power
training. Within strength and power training, particular emphasis was placed on barbell
exercises such as back squats, front squats, overhead squats, split squats, deadlifts, bench
presses, cleans, and power cleans. Additionally, to develop jumping and throwing power,
exercises like box jumps, medicine ball drills, and elastic band exercises were incorpo-
rated. Furthermore, dumbbells and stationary strength training equipment available in the

93



Sports 2025, 13, 193

academy’s gym were utilized to enhance overall strength and power. In the competition
phase, the average weekly time for physical performance training was 260 min, compared
to 300 min in the preparation phase (Figure 4), due to the higher training volume during
the preparation phase (Figure 3). During the autumn break (vacation), the players had a
week of home leave (training week #8), during which they were required to complete a
home training program. This program included a 45-min warm-up and 200 min of physical
performance training per week (Figure 4).

Technical skills: Team handball technical skills included basic attacking skills such
as throwing, passing, faking, and feinting; complex attacking cooperations like crossing,
cutting in, direct or indirect blocking, pushing, and rebounding; complex defending cooper-
ations including closed, open, deep, or pressing defense; transitions such as fast transitions,
fast breaks, fast throw-offs (defense to offense), and quick retreats (offense to defense);
as well as goalkeeper training that involved drills with field players. During the prepa-
ration phase, the average training time for technical skills was 140 min per week. In the
competition phase, this increased to 170 min per week due to a greater emphasis on team
handball-specific training.

Tactical skills: Team handball tactical skills training included one-on-one drills and
small group games (two-on-two, three-on-three, and four-on-four), attacking tactics involv-
ing all field players (six-on-six), as well as fast transition tactics. During the preparation
phase, the average training time for tactical skills was 75 min per week; however, dur-
ing the competition phase, it was reduced to 50 min per week. The increase in volume
(+25 min) during the preparation phase was aimed at developing attacking tactics. For
optimal training, team handball-specific sessions often combined warm-up, sensomotoric,
mobility, and flexibility training with technical and tactical skills training. These sessions
were structured with an optimal sequence of exercises, ensuring that individual drills built
on one another.

The technical and tactical skills training used in the present study is typical for this age
group in elite adolescent team handball. It was based on the training concept of the German
Handball Federation and complemented by exercise variations from experienced coaches
with the highest coaching license (Master Coach of the European Handball Federation). A
detailed description of the technical and tactical training would be too extensive; however,
some of these skills are described in detail (including video clips) in a book on modern
methods for team handball-specific training [27].

Training match: Training matches during the preparation phase included standard
training matches (50 to 60 min against rival teams), participation in national tournaments
(2–3 matches over two days against other national teams), and, as a highlight, the German
International Youth Championship in Düsseldorf, an international handball tournament
featuring the top European teams in this age category. The average training match duration
per week during the preparation phase was 70 min.

Official match: The official matches consisted of the first three games of the official
season in the highest German Team Handball League, with each game having a duration
of 2 × 30 min for under-19 players and 2 × 25 min for under-17 players.

External factors: All participants in the present study were athletes from a local elite
team handball academy, where they followed a standardized daily schedule. This included
structured training sessions, school attendance, study periods, rest, and sleep routines,
with bedtimes adjusted according to age. Nutrition was consistently provided through the
academy’s canteen, including breakfast, mid-morning snack, lunch, afternoon snack, and
dinner. No dietary supplements were consumed during the study period.
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2.5. Statistical Analysis

All statistical analyses were conducted using SPSS version 29.0 (SPSS Inc., Armonk,
NY, USA). Means and standard deviations were calculated for descriptive statistics. To
assess differences between pre- and post-test results in the under-17 and under-19 players,
a two-way repeated-measures ANOVA was employed, with “time” and “team” as well as
“time” and “position” as the main factors. A Bonferroni post hoc test was used to identify
significant differences between the under-17 and under-19 players as well as the playing
positions, and effect size (η2) and power (1 − ß) were calculated. For all statistical analyses,
significance was set at p < 0.05, and the effect size was defined as small (0.01 ≤ η2 < 0.06),
medium (0.06 ≤ η2 < 0.14), and large (η2 ≥ 0.14) [28].

3. Results

Mean values ± standard deviation and 95% confidence intervals for the under-19 and
under-17 players (pre- and post-test) in the team handball game-based performance test
are depicted in Table 1.

Table 1. Mean ± standard deviation (SD) and 95% confidence intervals (CI) in the under 19 and under
17 players (pre- and post-test) in the team handball game-based performance test in the peak oxygen
uptake (VO2peak), peak heart rate (HRpeak), 10 and 20 m-fast break time, defense and offense time,
jump height and ball velocity in the jump shot, as well as body mass and body height. F-values,
p-values, and effect size for the factors team, time, and team × time in the two-way repeated-measures
ANOVA.

Under-19 Player Under-17 Players
Pre-Test

Mean ± SD
(95% CI)

Post-Test
Mean ± SD

(95% CI)

Pre-Test
Mean ± SD

(95% CI)

Post-Test
mean ± SD

(95% CI)

Team
F-, p-Value
Effect Size

Time
F-, p-Value
Effect Size

Team × Time
F-, p-Value
Effect Size

VO2peak
(mL/kg.min)

73.9 ± 7.9
(68.1–79.8)

69.0 ± 6.6
(63.1–74.8)

65.9 ± 9.6
(60.1–71.8)

71.1 ± 10.0
(65.2–77.0)

1.03, 0.32
0.03

0.01, 0.98
0.00

3.13, 0.09
0.09

HRpeak (bpm) 192 ± 5
(189–196)

192 ± 9
(187–197)

193 ± 6
(188–198)

193 ± 7
(188–197)

0.21, 0.65
0.01

0.00, 0.98
0.00

0.05, 0.83
0.00

10 m-fast break
time (s)

1.78 ± 0.08
(1.73–1.83)

1.78 ± 0.10
(1.72–1.83)

1.86 ± 0.06
(1.81–1.91)

1.85 ± 0.07
(1.79–1.90)

7.75, <0.01 **
0.19

0.21, 0.65
0.01

0.10, 0.75
0.00

20 m-fast break
time (s)

1.75 ± 0.10
(1.68–1.93)

1.79 ± 0.12
(1.71–1.86)

1.86 ± 0.10
(1.78–1.94)

1.72 ± 0.14
(1.66–1.81)

0.68, 0.41
0.02

1.26, 0.27
0.04

4.03, 0.05
0.11

Defense time (s) 5.50 ± 0.15
(5.40–5.60)

5.35 ± 0.13
(5.25–5.46)

5.77 ± 0.16
(5.67–5.88)

5.43 ± 0.18
(5.30–5.51)

10.41, <0.001 ***
0.25

25.31, <0.001 ***
0.44

4.49, 0.04 *
0.12

Offence time (s) 5.92 ± 0.29
(5.76–6.07)

5.76 ± 0.20
(5.60–5.91)

6.04 ± 0.27
(5.88–6.19)

5.61 ± 0.11
(5.45–5.76)

0.03, 0.87
0.00

15.37, <0.001 ***
0.32

3.17, 0.08
0.09

Jump height (m) 0.32 ± 0.07
(0.28–0.37)

0.38 ± 0.07
(0.34–0.42)

0.29 ± 0.05
(0.24–0.33)

0.34 ± 0.06
(0.31–0.40)

2.14, 0.15
0.06

7.97, <0.01 **
0.20

0.07, 0.80
0.00

Ball velocity
(m/s)

24.2 ± 1.3
(23.2–25.2)

24.5 ± 1.3
(23.5–25.5)

23.4 ± 1.7
(22.4–24.5)

25.0 ± 1.7
(23.8–25.8)

0.25, 0.62
0.01

2.79, 0.10
0.08

1.22, 0.28
0.04

Body mass (kg) 78 ± 6
(70–82)

80 ± 7
(72–87)

72 ± 14
(64–79)

78 ± 15
(67–82)

2.21, 0.15
0.06

0.47, 0.50
0.01

0.04, 0.83
0.00

Body height (m) 1.82 ± 0.04
(1.79–1.86)

1.83 ± 0.04
(1.80–1.86)

1.82 ± 0.06
(1.78–1.85)

1.82 ± 0.07
(1.78–1.85)

0.51, 0.48
0.02

0.06, 0.81
0.00

0.02, 0.89
0.00

(*/**/*** denotes p < 0.05/** p < 0.01/*** p < 0.001, respectively).

Significant differences were found between the under-19 and under-17 players in the
10 m-fast break time (p < 0.01) and defense time (p < 0.001) for the factor “team”; significant
differences were also observed between pre- and post-test in defense time (p < 0.001),
offense time (p < 0.001), and jump height (p < 0.01) for the factor “time,” as well as an
interaction effect between team and time (p < 0.05) for defense time. In addition to these
significant differences in team and time with a large effect size and the interaction effect
of team and time with a medium effect size, a medium effect size was also found in jump
height and body mass for the factor “team,” in ball velocity for the factor “time,” and in
VO2peak, 20 m fast-break time, and offense time for the interaction effect of team and time
(Table 1).

For a detailed visualization of the results, mean values ± standard deviations for
VO2peak, 10 m-fast break time, defense and offense time, jump height, and ball velocity in
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the jump shot are shown in Figure 5A–F. Post hoc test results are indicated with asterisks
(* p < 0.05, ** p < 0.01, *** p < 0.001) in the figures. Among under-19 players, a decrease
of 6.7% in VO2peak, a decrease of 0.2% in the 10 m-fast break time, a decrease of 2.7%
in defense and offense time, along with an increase of 17.0% in jump height, and 1.1% in
ball velocity, were observed. For under-17 players, we observed an increase of 8.8% in
VO2peak, a decrease of 0.7% in 10 m-fast break time, a decrease of 5.9% in defense time, a
decrease of 7.0% in offense time, along with an increase of 19.9% in jump height and 6.5%
in ball velocity.

(A) (B)

(C) (D)

(E) (F)
(n.s./*/**/*** denotes not signi cant/p < 0.05/** p < 0.01/*** p < 0.001, respectively)

Figure 5. Mean values ± standard deviation for under-19 and under-17 players (pre-test in August,
post-test in November) in the team handball game-based performance test for peak oxygen uptake
(A), 10 m fast-break time (B), defense time (C), offense time (D), jump height (E), and ball velocity (F)
in the jump shot.
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Due to the requirement of a minimum of 80% attendance in all training sessions, two
backs and one pivot from each age group were excluded from the final analysis. As a result,
data from eight backs, eight wings, and only two pivots were available to assess positional
differences. Consequently, the two-way ANOVA with the factors “time” and “position”
was conducted only for backs and wings. Figure 6A–D presents the mean ± standard
deviation values for backs and wings in VO2peak, defense time, offense time, and ball
velocity during the jump shot. For descriptive purposes, the individual values of the
two pivots were also included in Figure 6A–D to illustrate potential training effects in
this position.

(A) (B)

(C) (D)
(n.s./*/** denotes not signi cant/p < 0.05/** p < 0.01, respectively)

Figure 6. Mean values ± standard deviation for backs and pivots (pre-test in August, post-test in
November), as well as the values of the under-19 pivot (pivot #1) and under-17 pivot (pivot #2) in the
team handball game-based performance test for peak oxygen uptake (A), ball velocity in the jump
shot (B), defense time (C), and offense time (D).

Significant differences between backs and wings were observed in ball velocity during
the jump shot (Figure 6B; F = 10.07, p < 0.01, η2 = 0.27, 1-ß = 0.86), as well as in defense
time (Figure 6C; F = 11.95, p < 0.01, η2 = 0.30, 1-ß = 0.92) and offense time (Figure 6D;
F = 13.28, p < 0.01, η2 = 0.32, 1-ß = 0.94) for the factor “time.” Post hoc tests revealed
significant improvements in both wings (p < 0.05) and backs (p < 0.01) in defense and
offense time. No significant effects for the factors “position” or “time” were found for
VO2peak (Figure 6A), 10 m and 20 m fast break time, or jump height during the jump shot.
Additionally, there was no significant interaction effect between “time×position” in the
two-way ANOVA. Descriptive results for the two pivots showed similar trends to backs
and wings in defense and offense time but differed in VO2peak (both pivots improved)
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and in ball velocity (Figure 5A), where the under-17 pivot improved while the under-19
pivot showed a decrease (Figure 5B).

4. Discussion

The aims of the study were to (1) provide professional training to elite adolescent
team handball players and (2) measure their performance improvement using the GBPT.
As expected, we found significant performance increases in both under-19 and under-17
players in defense time, offense time, and jump height during the jump shot (Table 1).
Training for these age groups is designed to incorporate numerous fast movements specific
to team handball scenarios (technical and tactical skills) as well as physical conditioning. At
this developmental stage, enhancing offensive and defensive skills (including acceleration,
deceleration, directional changes, and tackling) and jump shot performance is crucial
for advancing to elite male team handball levels [22]. Interestingly, this improvement
in performance was not observed in straight sprinting movements (10 m and 20 m fast-
break time). However, straight sprinting is not strongly related to offense and defense
in team handball [25] and has less impact on handball-specific performance [20,22,29].
Consequently, agility, speed, and power training in team handball should be tailored to
enhance specific defensive, offensive, and jumping skills [26]. Notably, under-17 players
showed greater improvements in defense and offense than under-19 players (Figure 5C,D).
A performance gap in defense (0.31 s) and offense (0.25 s) was observed between the under-
19 and under-17 players, suggesting that younger athletes may have a greater potential for
performance gains.

An increase in ball velocity was observed only in under-17 players, not in under-19
players, despite the fact that post-test ball velocity was higher in under-17 players than in
under-19 players (Figure 5F). This difference may be due to the smaller ball size and lighter
weight used in the under-17 age group. According to the International Handball Federation
(IHF) rules, ball size 3 (volume: 55–60 cm; weight: 425–475 g) is designated for adult male
players and adolescent players over 16 years, while ball size 2 (volume: 54–56 cm; weight:
325–375 g) is intended for adult female players and male players aged 12 to 16. Following
these guidelines, the German Handball Federation specifies ball size 3 for under-19 and
ball size 2 for under-17 players. We propose that the reduced ball volume and weight for
under-17 players contributed to the significant increase (p < 0.001) of 6.5% in ball velocity,
as observed through targeted training (technical, tactical, and official matches) during the
preparation and competition phases of the study.

When measuring VO2peak during the GBPT, no significant difference was found in
under-19 players, but a significant increase (p < 0.05) was observed in under-17 players
from pre-test to post-test. This increase in VO2peak among under-17 players may be
attributed to high-intensity training in the preparation phase [23,26], which included
(1) physical performance training, such as sprints, accelerations, decelerations, and changes
of direction; (2) technical skills training, including throwing, passing, feinting, complex
attacking and defending maneuvers, and fast transitions (fast breaks, throw-offs, and quick
retreats); and (3) tactical skills training, including one-on-one drills, small group games,
and fast transition tactics. In the elite handball academy of the present study, the long-term
training approach prioritizes individual development for under-17 players (e.g., in official
matches, the entire team was rotated in blocks to allow equal playing time). In contrast,
for under-19 players, the focus shifts to team performance aimed at winning games and
championships. We propose that this competitive focus for under-19 players may reduce
high-intensity events, as it emphasizes six-on-six team skills over individualized high-
intensity activities, although training intensity was not directly measured.
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When analyzing positional differences, both backs (p < 0.01) and wings (p < 0.05),
as well as both pivots, showed improved performance in defense and offense time. This
suggests that the physical, technical, and tactical training applied in the present study
effectively enhanced both defensive and offensive skills across all playing positions and
age groups [10,11]. Notably, the improvement in defense time was particularly pronounced
in the pivots, who outperformed their age-group peers in the post-test. Given the teams’
preferred 6:0 defensive tactic, where pivots typically play in the central block requiring
quick lateral movements, we attribute these gains to targeted defensive elements in the
technical and tactical training [27]. As expected, backs demonstrated the highest ball
velocity in the jump shot [8,9,17]. However, wings (p < 0.01) and the under-17 pivot
showed substantial improvement, approaching the performance level of the backs from
pre- to post-test. No significant changes in VO2peak were observed for backs and wings,
but both pivots demonstrated improvements. These findings suggest that the specific
training program not only enhances overall performance but also helps address positional
or individual deficits, such as VO2peak in pivots or ball velocity in wings and under-17
players. To our knowledge, this study is the first to measure the direct impact of elite team
handball training on specific physical performance, which is crucial for planning effective
training in elite handball academies. However, the study also has limitations. While we
documented the training as accurately as possible, we did not measure objective training
intensity. For future studies, local position measurement systems and physiological metrics
such as heart rate or blood lactate could provide more accurate intensity data. However,
measuring load parameters such as metabolic power through local positioning systems has
limited accuracy in team handball [30] and physiological metrics (e.g., heart rate, blood
lactate) vary widely among individuals [20,29], making them impractical for this setting.
Although training workload can also be assessed using perceived exertion, we chose not to
include this measure. Instead, the team handball academy employed a long-established
and proven monitoring system. Each week, the head coach, assistant coach, goalkeeper
coach, physical coach, and physiotherapist collectively discussed workload, performance
status, and stress levels for each player to prevent overload. This system was also applied
in the present study and led to the exclusion of two players due to a heightened risk
of overload. Additionally, four other players were excluded due to injuries and illness.
Another limitation of the study was the small sample size, which prevented statistical
evaluation of training effects for pivots. Nevertheless, the value of assessing training
outcomes in elite adolescent team handball players outweighs this limitation.

5. Conclusions and Practical Implications

We conclude that the training regimen in the present study, which comprised
2–3 physical training sessions and 4–5 specific team handball sessions per week, total-
ing 7–8 sessions per week, along with 1–2 weekly matches, is an effective approach for
enhancing the specific performance of male under-19 and under-17 players. We suggest
that structured, targeted training at this developmental stage has a significant impact on
the long-term development of adolescent team handball players and lays the foundation
for a professional handball career. For example, the under-17 pivot showed the lowest
VO2peak and was among the weakest performers across most variables in the pre-test.
After receiving individualized feedback comparing his results to the mean values of the
other under-17 players, he not only improved his performance by the post-test but also
significantly changed his training attitude. As a result, he was later selected for the national
team and won a medal at the European Junior Championships. For coaches working
with adolescent team handball players, we recommend implementing a well-balanced
training program that integrates physical performance, technical, and tactical skills, like
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the training program used in the present study. To evaluate training outcomes, we advise
using tests that assess team handball-specific physical performance. If the GBPT is too time-
or cost-intensive, we suggest using its defense and offense components to measure defense
time, offense time (requiring only a manual stopwatch), jump height, and ball velocity
in the jump shot (using the free Tracker software and a video camera). For assessing
specific aerobic performance, we recommend the YoYo Intermittent Recovery Test, which
has shown a strong correlation (r = 0.56) with VO2peak as measured by the GBPT in elite
female handball players [31].

The training program used in the present study was tailored for elite adolescent team
handball players; however, the majority of adolescent players worldwide participate at a
non-elite level. For these athletes, social interaction through team handball and personal
fitness are often more relevant, both of which have significant implications for public health.
Adapting the general structure of this training program by balancing physical conditioning
with technical and tactical skills, to match the performance level of non-elite players may
also improve their anaerobic and aerobic performance. Enhancing physical performance
during adolescence contributes to better fitness in adulthood, even if players discontinue
team handball later. Therefore, the balanced training approach presented here has the
potential to help preserve and improve anaerobic performance in adolescent players more
broadly, contributing to long-term health benefits and reducing performance disparities
across European countries [32,33].
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Abstract

Our study aimed to examine and compare the effects of 12-week repeated sprint intervals
with change of direction and linear sprint intervals on physical performance in young
soccer players. In this randomized, parallel three-group study, we included 60 male soccer
players assigned to (i) a sprint interval with change of direction group (RS–CoD; n = 20);
(ii) a linear sprint interval group (RS–LiN; n = 20); and (iii) a soccer group (SOC; n = 20).
Physical performance included explosive power (countermovement jump [CMJ] and squat
jump [SJ]), agility (T505, 93,639, 20Y), speed (sprints over 5 m, 10 m and 20 m), anaerobic
capacity (the Running-Based Anaerobic Sprint Test [RAST]) and maximal oxygen uptake
(VO2max). Over the 12 weeks, the RS–CoD group displayed significantly beneficial effects
in the 93639 test (effect size [ES] = 0.42), compared to the RS–LiN (ES = 0.18) and SOC
(ES = 0.12) groups. The RS–CoD group also had larger improvements in their SJ (ES = 0.87;
RS–LiN 0.37; SOC 0.18), CMJ (ES = 0.56; RS–LiN 0.39; SOC 0.43), 20Y test (ES = 1.05; RS–LiN
0.67; SOC 0.56) and sprints at 5 m (ES = 1.18; RS–LiN 0.50; SOC 0.21) and 20 m (ES = 1.43;
RS–LiN 0.71; SOC 0.25). The RS–CoD group displayed more beneficial improvements,
making the CoD interval sprints effective training stimuli.

Keywords: football; repeated sprint ability; linear sprinting; change of direction; effects

1. Introduction

High-intensity actions like sprints and vast changes of direction (CoDs) performed at
maximal speeds exceeding 19.5 km*h−1 have become crucial for achieving an advantage
over the opponent [1]. Irrespective of playing position, evidence suggests that between 4%
and 18% of the total distance covered is accounted by these activities, often followed by a
resting period before another action of the same intensity occurs [2]. During a top-level
soccer match, a player can perform 150 to 250 high-intensity actions [3]. Although high-
intensity actions require substantial physiological demands and quickly lead to fatigue [4],
trends have shown that in professional soccer, the number of high-intensity actions has
risen over the recent decades [5]. This would imply that such actions may adequately
discriminate against soccer players at similar physical and psychological levels [6]. Along
with the players’ competitive level [7], high-intensity actions completed at maximal levels
are associated with the repeated sprint ability (RSA), one of the key determinants in
soccer [8,9].

The ability to perform repeated sprints lasting <10 s with short resting intervals be-
tween them (<60 s) is crucial for performance in soccer [10]. In practice, RSA can have
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beneficial effects on the enzymes of the aerobic and anaerobic systems, enhancing the level
of phosphofructokinase and myokinase [11] and affecting the increased energy production.
Such metabolic changes can be directly associated with explosive strength, sprints and
aerobic-related adaptations [8,12]. Despite these advantages, the implementation of RSA
in youth players is still lacking [13], possibly because of its specific approach and com-
plexity [14]. Nevertheless, RSA has been constantly proven as a reliable and valid training
method for improving a variety of physical performance components in adults and more
elite soccer players [15,16].

In general, the RSA incorporates a methodology of linear sprints of <10 s followed by
an interval of rest (<60 s) [17]. In regard to linear sprints, change of direction (CoD)-type
sprints have become equally important because of their common representation during a
soccer match [18]. Specifically, soccer players tend to perform >8 CoD sprint intervals in a
minute [19]. Thus, the importance of performing elements with CoDs at a maximal level
requires special attention, especially in young soccer players. To date, several studies have
examined the effects of an RS–CoD on physical performance in male soccer players [20–24],
while only a handful have differentiated between the effects of RSs in a linear direction
(RS–LiN) vs. an RS–CoD [13,25–28]. Results from these studies yielded similar findings,
showing no significant differences in the effects of an RS–LiN and RS–CoD in soccer
players [25–27]. In a study by Sagelv et al. [25], no interaction effect (time × group) in
Yo-Yo IR2 or sprint tests was found, which would suggest that both the RS–LiN and
RS–CoD produced equal effects on physical performance. Similar observations have been
documented in U15, U17 and U19 male soccer players, where both intervention protocols
exhibited beneficial changes in the linear and slalom sprint speed, explosive power and
maximal aerobic speed [26]. On the other hand, it has been noted that these types of
training stimuli performed in a single session per week may not be sensitive enough to
produce within-group changes over 8 weeks [27]. For an RS–LiN, unclear variations in
sprinting and jumping occurred, while the RS–CoD produced somewhat larger effects,
especially in sprinting activities [27]. Therefore, the effect comparison between the RS–LiN
and RS–CoD remains inconclusive. Given the fact that implementing RS strategies within
the training regime in youth soccer players is challenging, examining separate effects of an
RS–LiN and RS–CoD on physical performance would be helpful for strength conditioning
coaches to monitor and track fitness levels at individual and group levels.

The main purpose of this study was to examine the effects of a 12-week RS–LiN
and RS–CoD training program on physical performance in male U17 soccer players. We
hypothesized that the RS–CoD would exhibit larger effects on sprinting-, jumping- and
agility-related tests and aerobic capacity in comparison to the RS–LiN.

2. Methods

Study Participants

A flow chart diagram of participants’ enrolment, randomization and final analysis is
presented in Figure 1. Male soccer players (age = 16.42 ± 0.21 years; height = 173.32 ± 5.80 cm;
weight = 65.19 ± 6.42 kg) from three national-level competitive clubs were recruited in this
randomized controlled trial. The G*power sample size calculator indicated that for the a
priori analysis of variance for repeated measures (RMANOVA) with a moderate effect size
of f = 0.25 [29], a statistical power of 1-β = 0.80, a p-value of < 0.05, 3 groups measured
at two time points and hypothetical correlations between repeated measures of r = 0.50,
the minimally required sample size would be 42. To adjust for potential follow-up loss,
we increased our final sample to n = 65 soccer players. The inclusion criteria were fully
active outfield male soccer players who had experienced no injury or musculoskeletal pain
prior to testing and playing soccer for >8 years. The exclusion criteria included a soccer
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player having an injury-related problem and who failed to attend >85% of training sessions
during the competitive season. All data related to inclusion and exclusion criteria were
collected by a questionnaire. The final sample included sixty soccer players who met the
inclusion criteria and completed the study after being randomly assigned to one of three
groups: a change of direction sprint group (RS-CoD; n = 20); a linear sprint group (RS-LiN;
n = 20); and a soccer group performing regular training (SOC; n = 20).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Assessed for eligibility (n=65) 

Excluded (n=5) 
♦   Not meeting inclusion criteria (n=4) 
♦   Other reasons (n=1) 

Analyzed (n=20) 
 

Drop out during intervention (n=0) 
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(n=20) 

Drop out during intervention (n=0) 

Minor injury (n=0) 

Lack of the time (n=0) 

Analyzed (n=20) 
 

Figure 1. Flow chart diagram of participants’ enrolment, randomization and final analysis.

Prior to the intervention, all participants trained regularly three days per week in
the afternoon hours (between 17:00 h and 19:00 h). A common type of training consisted
of a set of technical and tactical components (shooting, dribbling, passing and running
with the ball) with the cooperation of the goalkeeper and other players, strength and
conditioning parts consisted of small-sided games (5 vs. 5 or 10 vs. 10 soccer players
including goalkeepers) and injury prevention exercises were most commonly performed at
the end of a training session. For the participants who entered and completed this study, no
group differences were present at baseline. The experimental protocol and potential risks
were explained to all participants before they provided written consent. All the procedures
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were anonymous and in accordance with the Declaration of Helsinki. This study was
approved by the Ethical Committee Board of the Henan Polytechnic University, Henan
Province (Ethical code: HPU-2024-09-4538).

3. Intervention Protocol

Based on previous studies, all the study participants completed two familiarization
sessions associated with physical performance tests before an intervention in week 0 [24].
During the same week, all participants underwent laboratory and on-field testing proce-
dures. All on-field tests and measurements were completed in a grass soccer field to mimic
standardized conditions. The weather conditions were adequate, with an air tempera-
ture of 23 ◦C and a relative humidity of 55%. The laboratory conditions were similar to
the on-field conditions, with an indoor temperature of 22 ◦C and a relative humidity of
53%. We followed the protocol of Sanchez-Sanchez et al. [24], where all participants were
required not to eat heavily or drink caffeinated drinks for 2 h and avoid high-intensity
aerobic or resistance training 48 h prior to testing. Before initiating the data collection, each
participant had a warm-up period of 10 min, which included exercises for dynamic and
static stretching, low and high skips and three acceleration and deceleration tasks followed
by three 10 m sprints.

We followed the intervention program of Sanchez-Sanchez et al. [24] for the RS–CoD,
RS–LiN and SOC groups that lasted for 12 weeks. The SOC group continued the regular
soccer training routine, where the RS–CoD and RS–LiN groups completed upgraded
soccer training with additional linear or change of direction sprints two times per week
(Tuesday and Thursday), totaling 24 sessions. The RS–CoD group performed three sets
of ten 15 m sprint intervals lasting <10 s with one CoD of 180◦ initiated at the end of a
track, after which the participants ran at maximal speed to the starting position. Each
sprint interval was followed by a recovery period of low-intensity running for <30 s. The
resting period between each set was set at 4 min. In total, the weekly training volume
was six sets of 10 repetitions over the first 4 weeks, with a progression of 15 repetitions
in weeks 5–8 and 20 repetitions in weeks 9–12. The RS–LiN group completed the same
number of sprint intervals over a 12-week intervention period, but the participants were
instructed to perform linear running on a 31 m track by keeping a constant maximal pace
over the entire distance. The reason for the reduced distance in the RS–CoD group is
based on recommendations by Stanković et al. [29] where CoD sprints require additional
energy and should be compensated for by reducing the distance by 2–3% in comparison to
linear sprints.

4. Study Variables

Explosive power was assessed by two reliable and valid vertical jumps to assess the
jump height (cm): (i) the countermovement jump (CMJ) and (ii) squat jump (SJ). We used
the Optojump photoelectric cells (Microgate, Bolzano, Italy) to evaluate the flight time (in
cm) from take-off to landing phases. The CMJ was performed with the arms on the hips,
and based on a pre-recorded signal, each participant flexed their knees to approximately
90◦ and pushed upward as high as possible without moving the arms from the hips. The
same principle was applied to the SJ, but the starting position was from the knees flexed at
approximately 90◦, and hands were placed on the waist area, and after holding this position
for 3 s, the participant was instructed to jump upward vigorously without moving the
hands from the hips. Both tests were performed three times with a 4 min rest between each
trial. The reliability of all trials for tests was excellent (ICC > 0.85, coefficient of variation
[CV] < 2.5%), and the best result was examined in further analyses.
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To assess agility, we used the T505, 93,639 and 20Y tests. The T505 test involved
sprinting to a marked point 5 m away from the starting position, touching the ground
with one hand, immediately changing direction with a turn of 180◦ and running back to
the starting point. The 93,639 test was initiated by sprinting over a course of 9 m, after
which each player changed direction by 180◦ and started sprinting for 3 m, making another
turn of 180◦ and running 6 m, continuing with a 180◦ turn and sprinting for 3 m, before
making the last turn of 180◦ and sprinting over a 9 m course to the finish line. In total,
the players covered a distance of 21 m. The final score was recorded as the time (in sec)
measured by the photoelectric cell system (Witty, Microgate, Bolzano, Italy). For the 20Y
test, two parallel lines were set up in the hall, 10 yards apart, with the center line located
exactly halfway between them. Each line was one meter wide. A Witty photocell telemetry
system was used for timing (Microgate, Bolzano, Italy), with a pair of cells placed on the
center line and a starting position mark 0.5 m from the center line. The participant started
from a high start position on an independent signal and repeated the test three times. The
movement begins with a sprint to the sideline touched with the foot (covering 5 yards),
then a sprint to the other sideline by repeating the same action (covering 10 yards) and
finally a sprint back to the center line (covering 5 yards) where the time was stopped. The
reliability and factorial validity properties of these tests have been previously confirmed in
soccer players [30,31]. Each test included three trials (ICC > 0.80, CV < 3.0%) with a 4 min
rest between the attempts, and the best result was considered for further analyses. The
aforementioned tests have been illustrated and explained elsewhere [29,30].

To evaluate the running speed, the participants completed a set of linear sprinting tests
over 5 m, 10m and 20 m [32]. In brief, a photoelectric cell system (Witty, Microgate, Bolzano,
Italy) was placed at the starting and finishing lines over a distance of 20 m. Before the test
began, the participant took a high standing start position approximately 40 cm behind the
starting line. The time began when the participant crossed the first photocell infrared line.
During the 20 m sprint section, the participants’ running times at 5 m, 10 m and 20 m were
recorded. Similarly to previous tests, three trials were conducted (ICC > 0.90, CV < 2.0%),
with the best result being processed in further analyses.

The Running-Based Anaerobic Sprint Test (RAST) was used as a proxy for the anaero-
bic power output [33]. The test involved completing six 35 m sprints with 10 s rest intervals
in between. From a standing start position, each participant sprinted over a course of 35 m.
After crossing the 35 m line, the time stopped (and was registered), and the 10 s recovery
period began. The same procedure was performed five more times, covering 210 m in total.
The test was performed once. The results were presented in sec and maximal power output
using the following formula: body mass (kg) * distance covered2 * final time−3 [33].

The maximal oxygen uptake (VO2max) test was conducted using a ramp protocol on
a motorized treadmill and determined by a breath-by-breath pulmonary gas exchange
system (Quark b2, COSMED, Rome, Italy). The starting speed was set at 7 km*h−1, and
it was increased by 1 km*h−1 every 1 min until volitional exhaustion. The criteria for
exhaustion included the following: (i) a VO2 of <1.0 mL*kg−1*min−1 after an increase in
speed; (ii) an exchange ratio >1.1; and (iii) a peak lactate of >6 mmol*L−1 after exercise [34].
If the participant reported any bodily pain or discomfort, the test was stopped. The recovery
period after the exercise included walking at 4.5 km*h−1 for 5 min. Aerobic data regarding
the VO2max were averaged on a 5 s basis and included as a proxy for the cardiorespiratory
capacity in further analyses.

5. Statistical Analysis

Basic descriptive statistics are presented as the mean ± standard deviation (SD). Based
on previous studies [24], all data were log-transformed to omit the nonuniformity error. A
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repeated measures analysis of variance (RMANOVA) with pre–post-measurements and
the ‘group’ as a between-subject factor was used to examine the main effects for ‘time’
and an interaction term between ‘time’ and ‘group’ (time × group). If significant main
effects were observed, a post hoc analysis with Bonferroni corrections was calculated.
Within-group differences in pre- and post-measurements were calculated using the Student
t-test for dependent samples. Cohen’s D effect size statistics were used to examine the
magnitude of the intervention output with the following threshold values: (i) ≥ 0.2 (small),
(ii) ≥ 0.5 (moderate) and (iii) ≥ 0.8 (large) [35]. The significance was set at α < 0.05, and
it was two-sided. All analyses were calculated using the Statistical Packages for Social
Sciences (SPSS) software program ver. 27 (IBM Corp., Chicago, Il, USA). The raw data of
the study participants can be found in the Supplementary Material Table S1.

6. Results

The initial data suggested that no differences between the RS-CoD, RS-LiN and SOC
groups were observed (p = 0.124–0.866). Table 1 shows basic descriptive statistics of the
study participants, according to the RS–CoD, RS–LiN and SOC groups. No between-group
differences in initial anthropometric characteristics and years of experience were found
(p > 0.05).

Table 1. General information of the study participants, according to groups.

Variables
Total
(n = 60)

RS–CoD
(n = 20)

RS–LiN
(n = 20)

SOC
(n = 20)

p-Value

Mean ± SD Mean ± SD Mean ± SD Mean ± SD

Age (years) 16.42 ± 0.21 16.38 ± 0.24 16.46 ± 0.20 16.41 ± 0.19 0.856
Height (cm) 173.32 ± 5.80 172.03 ± 5.48 173.95 ± 6.13 173.98 ± 5.86 0.482
Weight (kg) 65.19 ± 6.42 64.83 ± 5.01 64.44 ± 7.85 66.29 ± 6.27 0.638
BMI (kg*m−2) 22.29 ± 2.90 22.51 ± 1.32 21.88 ± 2.69 22.48 ± 1.41 0.501
Experience (years) 10.21 ± 1.25 10.30 ± 1.23 10.11 ± 1.31 10.22 ± 1.26 0.728

BMI: Body mass index; p < 0.05.

Within-group changes in physical performance are presented in Table 2. The sig-
nificant and most beneficial improvements were found in the RS–CoD group. Soccer
players assigned to this group displayed large increases for the T505 (mean diff. = 0.13 s,
95% CI 0.10–0.16); SJ (mean diff. = 2.03 cm, 95% CI 1.37–2.70); 20Y (mean diff. = 0.21 s,
95% CI 0.17–0.25); sprint for 5 m (mean diff. = 0.09 s, 95% CI 0.05–0.12), 10 m (mean
diff. = 0.13 s, 95% CI 0.08–0.17) and 20 m (mean diff. = 0.15 s, 95% CI 0.11–0.19);
and RAST (mean diff. = 0.25 s, 95% CI 0.19–0.31) and moderate increases for the 93639
(mean diff. = 0.13 s, 95% CI 0.12–0.15), CMJ (mean diff. = 1.77 cm, 95% CI 1.15–2.39),
RAST power output (mean diff. = 33.17 W, 95% CI 22.21–44.12) and VO2max (mean
diff. = 1.78 mL * kg−1 * min−1, 95% CI 0.57–3.00). For the RS–LiN group, the largest im-
provement was observed for the 10 m sprint (mean diff. = 0.10 s, 95% CI 0.06–0.13), while
93639 displayed the least beneficial improvement (mean diff. = 0.09 s, 95% CI 0.08–0.10).
In the SOC group, small to moderate ESs for physical performance were shown, where
T505 (mean diff. = 0.05 s, 95% CI 0.04–0.07) and 20Y (mean diff. = 0.12 s, 95% CI 0.10–0.14)
exhibited the largest increases, opposed to other variables.
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Table 2. Physical performance in RS-CoD, RS-LIN and SOC groups before and after 12-week
training intervention.

Variables Pre Post Δ (%) ES p-Value

RS–CoD (n = 20) Mean ± SD Mean ± SD

T505 (s) 2.54 ± 0.12 2.41 ± 0.10 −5.12% b 1.18 <0.001

93639 (s) 7.74 ± 0.33 7.60 ± 0.33 −1.81% a,b 0.42 <0.001

SJ (cm) 26.17 ± 2.18 28.20 ± 2.49 7.76% a,b 0.87 <0.001

CMJ (cm) 28.13 ± 3.01 29.90 ± 3.34 6.29% a,b 0.56 <0.001

20Y (s) 4.62 ± 0.20 4.41 ± 0.20 −4.55% a,b 1.05 <0.001

Sprint, 5 m (s) 1.23 ± 0.09 1.14 ± 0.06 −7.32% a,b 1.18 <0.001

Sprint, 10 m (s) 2.04 ± 0.11 1.92 ± 0.08 −5.88% b 1.25 <0.001

Sprint, 20 m (s) 3.48 ± 0.11 3.33 ± 0.10 −4.31% a,b 1.43 <0.001

RAST (s) 6.16 ± 0.20 5.91 ± 0.18 −4.07% b 1.31 <0.001

RAST power output (W) 306.14 ± 32.30 339.31 ± 30.78 10.83% b 0.73 <0.001

VO2max (mL * kg−1 * min−1) 50.45 ± 3.15 52.23 ± 3.78 3.53% b 0.51 0.006

RS–LiN (n = 20)
T505 (s) 2.47 ± 0.15 2.38 ± 0.16 −3.64% 0.58 <0.001
93639 (s) 7.71 ± 0.50 7.62 ± 0.49 −1.12% c 0.18 <0.001
SJ (cm) 26.44 ± 2.05 27.26 ± 2.40 3.10% 0.37 <0.001
CMJ (cm) 28.06 ± 2.39 29.01 ± 2.45 3.39% 0.39 <0.001
20Y (s) 4.62 ± 0.23 4.47 ± 0.22 −3.25% 0.67 <0.001
Sprint, 5 m (s) 1.23 ± 0.06 1.20 ± 0.06 −2.44% 0.50 0.016
Sprint, 10 m (s) 2.06 ± 0.09 1.96 ± 0.12 −4.86% c 0.94 <0.001
Sprint, 20 m (s) 3.50 ± 0.14 3.40 ± 0.14 −2.86% c 0.71 <0.001
RAST (s) 6.18 ± 0.24 6.01 ± 0.28 −2.75% c 0.65 <0.001
RAST power output (W) 343.57 ± 46.91 370.04 ± 48.51 7.70% 0.55 <0.001

VO2max (mL * kg−1 * min−1) 50.03 ± 2.57 51.01 ± 2.80 1.96% 0.36 0.003

SOC (n = 20)
T505 (s) 2.49 ± 0.13 2.43 ± 0.10 −2.41% 0.52 <0.001
93639 (s) 7.87 ± 0.52 7.81 ± 0.52 −0.76% 0.12 <0.001
SJ (cm) 26.12 ± 1.91 26.46 ± 1.93 1.30% 0.18 <0.001
CMJ (cm) 27.45 ± 1.60 28.15 ± 1.62 2.55% 0.43 <0.001
20Y (s) 4.67 ± 0.22 4.55 ± 0.21 −2.57% 0.56 <0.001
Sprint, 5 m (s) 1.22 ± 0.10 1.20 ± 0.09 −1.64% 0.21 0.160
Sprint, 10 m (s) 2.01 ± 0.09 1.99 ± 0.07 −1.00% 0.25 0.081
Sprint, 20 m (s) 3.49 ± 0.14 3.45 ± 0.14 −1.15% 0.29 <0.001
RAST (s) 6.13 ± 0.22 6.05 ± 0.23 −1.31% 0.36 <0.001
RAST power output (W) 309.46 ± 36.26 324.93 ± 38.07 5.00% 0.42 <0.001

VO2max (mL * kg−1 * min−1) 50.44 ± 2.88 50.72 ± 2.89 0.56% 0.10 <0.001

T505: 5-0-5 agility test; 93639: agility test 93639 m; SJ: squat jump; CMJ: countermovement jump; 20Y: 20-yard
agility test; RAST: running-based anaerobic sprint test; VO2max: maximal oxygen uptake; a denotes significant
difference between the RS-LiN and RS-CoD groups (p < 0.05); b denotes significant difference between the RS-CoD
and SOC groups (p < 0.05); c denotes significant difference between the RS-LiN and SOC groups (p < 0.05); and
p < 0.05.

The between-group differences are presented in Table 2. The RS–CoD group exhib-
ited significantly beneficial effects in the 93639 (F2,59 = 23.79, p < 0.001), SJ (F2,59 = 18.12,
p < 0.001), CMJ (F2,59 = 6.73, p = 0.002), 20Y (F2,59 = 10.66, p < 0.001), 5 m sprint (F2,59 = 8.92,
p < 0.001) and 20 m sprint tests (F2,59 = 22.23, p < 0.001), compared to the RS–LiN and
SOC groups. Opposed to the SOC group, the RS–CoD group showed significantly larger
changes in the T505 (F2,59 = 11.10, p < 0.001), 10 m sprint (F2,59 = 9.21, p < 0.001), RAST
(F2,59 = 12.58, p < 0.001), RAST power output (F2,59 = 5.86, p = 0.005) and VO2max tests
(F2,59 = 3.56, p = 0.035). The RS–LiN group performed better in the 93639 test, sprints at 10
and 20 m and RAST (p < 0.05) than the SOC group.

https://doi.org/10.3390/sports14020044
109



Sports 2026, 14, 44

7. Discussion

The main purpose of this study was to examine whether RS–LiN and RS–CoD interven-
tion programs would have beneficial effects on physical performance in male U17 soccer
players. Findings suggest that both groups enhanced their physical performance over
12 weeks, although the RS–CoD group seemed to outpower the RS–LiN and SOC groups
with more beneficial effects, especially in sprinting activities.

To date, only a handful of studies have simultaneously compared the effects in linear
vs. change of direction forms in male soccer players [13,25–28]. In a 30-week intervention
study, both RS–CoD and RS–LiN programs exhibited positive effects on cardiorespiratory
and neuromuscular physical performance in highly trained soccer players [26]. Although
the within-group differences were small to moderate, the between-group differences in
pre–post-changes yielded non-significant main effects, indicating that both training in-
terventions produced similar improvements over time [26]. Similar observations were
presented in a 22-week intervention study, which compared the effects of the RS–CoD and
RS–LiN for Yo–Yo IR2, sprints over 10 m and 20 m and VO2max [25]. The mentioned study
showed that all male soccer players, irrespective of group, increased their Yo–Yo IR2 by
9.1%, but the ‘time × group’ interaction was not significant (pη

2 = 0.06). Interestingly, no
improvements in the sprints over 10 m and 20 m and VO2max were found [25]. In a study
by Beato et al. [27], a single session of straight line vs. change of direction sprint intervals
failed to lead to physical performance improvements in explosive power; RSA; or sprints
over 10 m, 20 m and 40 m. Also, the main effects between RS–CoD and RS–LiN groups
showed that both intervention programs exhibited no between-group differences [27].
Sanchez–Sanchez et al. [24] reported that the SOC group achieved greater improvements in
aerobic capacity and sprint decrements during RS ability tests, compared with the RS-COD
groups. As expected, the RSA–CoD group improved their RSA and change of direction per-
formance, opposed to the SOC group [24]. Another study including a 6-week intervention
protocol consisted of linear and change of direction sprints in female soccer players showed
no significant ‘time x group’ main effects for aerobic, musculoskeletal and agility perfor-
mance, although the group that performed change of direction sprint intervals exhibited
larger improvements in sprints over 30 m, compared to the linear group [29]. In general,
differences in pre–post-changes for physical performance between RS–CoD and RS–LiN
groups remain non-significant, with similar improvements between the two intervention
protocols, which is not in line with our study. Since we showed that the RS–CoD group
exhibited greater effects in all physical performance tests in comparison to the RS–LiN and
SOC groups, we could assume that the increased training stimuli with different movement
patterns and volumes over 12 weeks led to larger improvements. Indeed, the training load
in terms of the number of sprints was inconsistent between the studies. For example, the
post-intervention number of sprints in this study was 720 over 12 weeks, while a study by
Pavillon et al. [26] reported a total of 1200 sprints over 30 weeks, which would produce
a different sprint/week ratio. Additionally, soccer players in the RS–CoD group were
unfamiliar with CoD sprint intervals, which might have led to greater effects. This is not
surprising, since evidence suggests that the CoD sprint intervals decrease with age, where
younger soccer players (U15) may excel at shorter sprints and CoDs at lower speeds, while
older players (U18) can demonstrate better linear sprinting abilities and power at longer
distances [26]. Thus, the CoD sprint training should be initiated from an early age, but the
effects are expected to be normalized by genetic predispositions [36].

The difference between CoD and linear sprints should be observed with neuromus-
cular and metabolic demands [19,37]. Linear sprinting primarily focuses on maximiz-
ing horizontal velocity, by changing kinematical characteristics of running through the
step/stride length and pace. On the other hand, CoD sprint intervals are accompanied by
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the acceleration–deceleration dynamics associated with a greater engagement of muscle
antagonists (eccentric contraction properties) [38]. Such actions may lead to oxidative stress
faster and increases in muscle damage following soccer training [39]. Opposed to linear
sprinting, running with CoDs also increases energy demands, requiring greater blood
lactate concentrations, heart rates and aerobic capacity [13]. As we highlighted, the more
beneficial effects of CoD sprint intervals may be attributed to the high training volume
across 12 weeks, as soccer players performed 720 sprint intervals, opposed to lower training
volumes in other studies [26]. Unfortunately, the true energy demand of the CoD with
a turn of 180◦ has been rarely investigated, as the speed or distance are not adjusted for
the time lost during the turns, limiting the possibility of actual CoD effects on physical
performance in soccer players [19].

Irrespective of a relatively high heterogeneity between the studies regarding compar-
isons between CoD and linear sprint intervals on physical performance, the findings of
this study confirmed that sprints with a CoD of 180◦ may be more beneficial for physical
performance improvements, as CoD movements mimic more specific movements similar
to soccer. The practical implications of RSs with CoDs performed during the pre-season
represent good training stimuli for physiological and performance-related outcomes. There-
fore, such a training approach should be implemented within regular soccer training for
additional effects, especially for sprinting activities. Because the training itself took approx-
imately 20 min to complete, strength and conditioning coaches can consider CoD sprint
intervals with a turn of 180◦ as a pragmatic strategy for positive increases in soccer-specific
performance tests. Since these tests have been previously described as reliable and valid,
the intervention protocol used in this study may be a better alternative to linear sprinting
activities, due to greater changes in physical performance.

This study is not without limitations. Even though we observed significant positive
effects in the RS–CoD, RS–LiN and SOC groups for physical performance, the intervention
duration of 12 weeks was arbitrary chosen, and due to time restrictions, we were unable to
prolong the intervention process to >20 weeks, as described in previous studies [25,26]. By
performing the intervention over more weeks, it would be possible to examine the adapta-
tion process to the RS–CoD intervention and to assume the best intervention length that
would produce the greatest positive changes on physical performance. Since the research
around CoD sprint intervals, training loads, durations, energy demands and effectiveness is
still relatively limited, although promising, our findings should be interpreted with caution.
Second, the CoD sprint interval performance has been shown to decline with age [19,26],
and we were unable to examine age-related differences following RS–CoD and RS–LiN
interventions. Third, no invasive methods were performed to collect blood samples, which
we speculated to be correlated with changes produced by CoD or LiN sprint intervals.
Nevertheless, this is one of the first studies that compares the effects of the RS–CoD and
RS–LiN opposed to SOC training in U17 soccer players [40].

8. Conclusions

Based on the obtained findings, we may conclude that different types of training
(RS–CoD, RS–LiN and SOC) produce beneficial and positive effects on physical perfor-
mance in young soccer players. However, the largest effects are observed for the CoD
sprint intervals, where the RS–CoD group exhibited more beneficial improvements in all
physical performance tests, especially for sprinting activities, compared to the RS–LiN and
SOC groups. Thus, this study can be considered as a good starting point to enhance or even
maintain high physical performances in the pre-season period in U17 male soccer players.
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intensity interval training on physical performance of elite female soccer players. Biol. Sport 2024, 41, 31–39. [CrossRef]

30. Sporis, G.; Jukic, I.; Milanovic, L.; Vucetic, V. Reliability and factorial validity of agility tests for soccer players. J. Strength Cond.
Res. 2010, 24, 679–686. [CrossRef]

31. Mann, J.B.; Ivey, P.A.; Mayhew, J.L.; Schumacher, R.M.; Brechue, W.F. Relationship Between Agility Tests and Short Sprints:
Reliability and Smallest Worthwhile Difference in National Collegiate Athletic Association Division-I Football Players. J. Strength
Cond. Res. 2016, 30, 893–900. [CrossRef] [PubMed]

32. Altmann, S.; Ringhof, S.; Neumann, R.; Woll, A.; Rumpf, M.C. Validity and reliability of speed tests used in soccer: A systematic
review. PLoS ONE 2019, 14, e0220982. [CrossRef]

33. De Andrade, V.L.; Santiago, P.R.; Kalva Filho, C.A.; Campos, E.Z.; Papoti, M. Reproducibility of Running Anaerobic Sprint Test
for soccer players. J. Sports Med. Phys. Fit. 2016, 56, 34–38.

34. Düking, P.; Ruf, L.; Altmann, S.; Thron, M.; Kunz, P.; Sperlich, B. Assessment of Maximum Oxygen Uptake in Elite Youth Soccer
Players: A Comparative Analysis of Smartwatch Technology, Yoyo Intermittent Recovery Test 2, and Respiratory Gas Analysis. J.
Sports Sci. Med. 2024, 23, 351–357. [CrossRef]

35. Lakens, D. Calculating and reporting effect sizes to facilitate cumulative science: A practical primer for t-tests and ANOVAs.
Front. Psychol. 2013, 4, 863. [CrossRef]

36. Eynon, N.; Hanson, E.D.; Lucia, A.; Houweling, P.J.; Garton, F.; North, K.N.; Bishop, D.J. Genes for elite power and sprint
performance: ACTN3 leads the way. Sports Med. 2013, 43, 803–817. [CrossRef] [PubMed]

37. Lockie, R.G. The effects of linear and change-of-direction speed training on the sprint performance of young adults. In Physical
Activity Effects on the Anthropological Status of Children, Youth and Adults; Eminivić, F., Dopsaj, M., Eds.; Nova Science Publishers:
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Abstract: This study aimed to monitor internal load, well-being, and recovery status in U16
male water polo players during a congested competitive period. Fourteen athletes from
an Italian club played 12 matches (seven friendly, five official) over 7 days. The internal
match load was measured using the session-RPE method (s-RPE). Perceived enjoyment
was measured with the Enjoyment Likert Scale (ENJ), while recovery and well-being were
evaluated using the Perceived Recovery Scale (PRS) and the Hooper Index (HI), respectively.
No significant main effects were found on s-RPE, PRS, and HI considering friendly and
official matches. However, ENJ was significantly higher during official matches (p < 0.005).
PRS values were significantly affected by daytime matches (p < 0.005), with better perceived
recovery reported for morning matches. Linear mixed model analysis revealed significant
associations between s-RPE and HI (p = 0.001), the fatigue item (p = 0.001), and the PRS
(p = 0.004). These results suggest that as internal load increases, players experience higher
fatigue and report lower recovery and well-being scores. Employing simple, non-invasive
tools like the RPE, PRS, and HI can help coaches and support staff to identify early signs of
overtraining or insufficient recovery, allowing for more individualized load management
and injury prevention in youth water polo athletes.

Keywords: recovery status; wellbeing; youth water polo; monitoring matches

1. Introduction

In team sports, a congested match calendar has become a significant concern for
practitioners, players, and sport organizations [1]. Nowadays, elite team sports players
usually encounter congested schedules characterized by numerous matches within very
short timeframes, both during the preseason and the competitive season. During this
period, teams may also participate in multiple competitions concurrently, such as national
and continental events. Research suggests that congested fixtures can impact on acute
performance and well-being, limiting players’ availability in various team sports [2]. The
increasing frequency of fixtures has intensified discussions around effective player load
management, recovery capacity, and injury risk [3]. This issue highlights the challenge
posed by extended competitive schedules, which often exceed traditional periodization

Sports 2025, 13, 286 https://doi.org/10.3390/sports13090286
115



Sports 2025, 13, 286

strategies aimed at optimizing performance and preventing overtraining [4]. To address
these issues, sports teams are increasingly utilizing innovative strategies like real-time
load monitoring through GPS and wearable technology, along with machine learning and
artificial intelligence models [5].

In team sports, several studies have observed changes in players’ training responses,
through their perceived load and well-being status during regular and congested weeks.
Clemente et al. [6], studying professional futsal players, observed greater session-RPE
scores on matchday-3 (i.e., 3 days before a match, MD-3) in regular weeks compared to the
same day in congested weeks, during which MD-3 is the day immediately after a match.
Similar trends were also reported by the same author for professional handball [7], with
greater scores in training loads and reduced scores in well-being during match MD-2 and
MD-3 in normal weeks. Furthermore, a study on elite volleyball players [8] found greater
session-RPE scores in MD-1 (i.e., 1 day before a match) in regular weeks compared to
congested ones. Overall, these findings suggest that during congested weeks, coaches
tend to prioritize recovery and match preparation over high training loads. Conversely,
during non-congested periods, coaches are freer to adopt a tactical periodization approach
to training.

The literature on team sports has highlighted the impact of congested matches on
players, who often participate in over 60 official matches annually. These players often
experience residual fatigue and have greater injury risks when resting for less than 3 or
4 days between matches compared to more than 6 days of recovery [9]. A longitudinal study
by Chmura et al. regarding soccer found that players tended to accumulate greater fatigue
in the later stages of the season, particularly when participating in additional tournaments
like the national cup, the Champions League, or the Europa League [10]. In basketball,
Conte et al. [11] found that players reported higher perceived fatigue and lower well-being
on the second game day when playing two games per week on Friday and Saturday. In
soccer, a prospective six-season study by Carling et al. [12] found a significantly greater
risk of sustaining an injury in the final 15 min of play in the second match and in the first
half of play in the third match during three consecutive matches played within a ≤4-day
period compared to matches played outside the congested cycle.

Although a considerable amount of research has explored the effects of congested
training periods in team sports, water polo has received limited attention regarding how
this issue influences coaches’ behavior and players’ performance, recovery, and injury
risk [13]. In major international water polo competitions, fixtures are typically sched-
uled within a few days, for example, eight matches over 15 days during the Olympic
Games or national team tournaments, or three matches over four days in club competi-
tions such as the Final Four of the Champions League and the Euro Cup. A study by
Botonis et al. [14] investigated the wellness and perceived internal training load of elite
Greek water polo players over four weeks leading up to the playoff phase. The period
included an overloaded training phase (weeks 1 and 2), followed by a reduced training
load phase (weeks 3 and 4). The results showed that the increased training load during the
overloaded phase negatively affected wellness scores but did not significantly compromise
sport-specific performance. Conversely, the subsequent reduction in training volume and
intensity improved both wellness scores and sport-specific performance metrics by the end
of the intervention, compared to the baseline and the end of the overload period. Brisola
et al. [15] conducted a study on female water polo players, comparing a two-week training
load intensification strategy between groups of functional and non-functional overreaching
players. The findings indicate that training intensification followed by tapering can im-
prove performance more effectively than standard training methods. Nonetheless, it may
also result in functional impairment and diminished performance. Consequently, constant
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monitoring of performance, particularly during intensified periods, is essential to prevent
negative effects. In this sense, the increased competitive commitments require frequent
travel across different time zones, leading to fatigue from jet lag and reducing the time
available for recovery [16]. A survey by Barrenetxea-Garcia [17] highlighted the need for
tailored recovery interventions that consider the specific needs of water polo players and
coaching staff. It revealed a gap between the perceived importance of recovery strategies
and their actual use. Coaches play a pivotal role, but their limited understanding may lead
to ineffective practices, increasing the risk of overtraining and injuries while passing on
incorrect information to athletes.

In water polo, considering that preparation for significant international tournaments
involves a high-volume, intensified training phase followed by a series of competitive
unofficial matches designed to improve players’ competitive readiness, the increased
workload may impact their recovery. A study of Botonis et al. [18] examined the impact
of international tournament participation on heart rate variability and perceived recovery
in elite water polo athletes. Heart rate variability was assessed over five consecutive
days during an intensified pre-tournament training phase and for three subsequent days
while the team participated in three international matches. The results indicated that,
under the accumulated fatigue and residual stress effects, perceived recovery and internal
workloads were diminished on tournament days compared to the pre-tournament period
(intensified training phase), suggesting that additional factors may influence the overall
perception of recovery among subjects. In this context, ref. [19] examined the impact
of intensified training on sleep activity, hormonal responses, and overall wellness in
elite water polo players preparing for the Tokyo Olympics. Their findings revealed that
substantial increases in training load during camp led to significant sleep disturbances and
elevated salivary cortisol levels, both of which normalized after the camp. These results
suggest that an intensified workload, coupled with insufficient recovery, may disrupt
sleep patterns and potentially elevate the risk of infection. Barrenetxea-Garcia et al. [20]
addressed the importance of recovery in a global survey on sleep quality, revealing that
both senior and youth international water polo players reported poor sleep in terms of
both quantity and quality. They frequently failed to meet recommended sleep durations
and showed significant variability in sleep efficiency, especially during training camps and
competitions. However, the limited research on congested fixtures in water polo primarily
focuses on adult players. Except for one study examining training load distribution in a
young female team, specifically its effects on upper respiratory tract infection symptoms
and muscle damage markers [21], there is a lack of research on the impact of congested
training periods in youth water polo. For this reason, the aim of the present study was to
investigate the players’ perceptions of effort, enjoyment, recovery, and well-being during a
congested schedule that included both official and training matches in male youth water
polo players. Based on this, we hypothesized that players’ internal load (s-RPE), well-being
(HI), perceived recovery (PRS), and enjoyment (ENJ) would be influenced by contextual
match factors such as the time of day (morning vs. afternoon matches), the match type
(friendly vs. official), and the match day sequence within the congested schedule, and that
higher s-RPE would be associated with reduced PRS and HI values in the following days.

2. Materials and Methods

2.1. Subjects

Fourteen Italian U16 male water polo players (mean ± SD: age 15.4 ± 0.7 years; body
mass: 67.8 ± 7.8 kg; body height: 175.6 ± 4.9 cm; body mass index: 22.0 ± 2.7; playing
experience: 6.1 ± 1.2 years), all from the same club, were recruited for this study.
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Informed consent was obtained from players’ parents (guardians) after they were
informed of the study’s main objectives. This study was conducted in accordance with the
ethical principles of the 1964 Declaration of Helsinki and was approved by the local ethics
committee of the University of Rome ‘Foro Italico’ (CAR 99/2021).

Throughout the season, each player participated in regular training, matches, and
tournaments, and the players belonged to the following playing positions [22]: perimetral
players (PP, n = 8); center defenders (CD, n = 3); center forwards (CF, n = 3); and goal-
keepers (GK, n = 2). Playing positions were not used for statistical analyses and are listed
only to provide more detailed descriptive information regarding participant players. Fur-
thermore, for each player, the following inclusion criteria were used for the final analysis:
(i) participating in all matches during the study period for at least the mean total duration
of a quarter (15 min per match) [23]; (ii) not presenting any injury or illness that could
impair matches’ performance; and iii) exclusion of goalkeepers from the analytical sample,
as their physical demands differ significantly from those of field players.

2.2. Experimental Design

This study monitored and assessed the internal load, perceived recovery, well-being,
and enjoyment of youth male water polo players during a congested match period con-
sisting of 12 matches over 7 days. The matches were played between 18 and 29 July 2023,
comprising 7 friendly matches over 4 days, followed by 1 day of rest, and then 5 official
matches over the next 3 days. After each match, individual RPE scores were collected by
asking players, ‘How intense was your session?’ using the Italian translation of the Borg
category-ratio 10 scale (CR-10), as modified by Foster et al. [24]. The match internal load
was then calculated using the session-RPE (s-RPE) method [25,26]. The use of the s-RPE
method in youth athletes has already been validated in youth water polo players [27].
Simultaneously, players’ perceived enjoyment was assessed using the Italian translation
and adaptation of the Exercise Enjoyment Scale (ENJ) [23,28,29]. Every morning, the well-
being status was monitored using the Hooper Index [30], while recovery was assessed
using the 10-point Perceived Recovery Scale (PRS) [31] before each match. To minimize
variability in individual recovery and well-being, players refrained from using any recovery
interventions and were instructed to maintain consistent lifestyles and nutritional habits
aligned with those of their teammates throughout the entire study period. Players’ internal
match load, enjoyment, perceived recovery, and well-being were analyzed in relation to
(i) the playing time, defined as the total minutes played by each athlete in all matches;
(ii) the match time of day, distinguished by matches played in the morning vs. matches
played in the afternoon in the same day; (iii) the match type, distinguished by friendly
matches (FMs) and official tournament matches (TMs); and (iv) the match day, representing
the chronological days of matches played.

2.3. Procedures

Players became thoroughly familiar with the RPE, ENJ, PRS, and HI scales during the
three weeks leading up to the start of this study. Throughout this period, they received
both printed and digital copies (individually via WhatsApp) of the questionnaires each day,
with instructions to read and interpret the scales before and after every training session,
friendly match, and official match.

During the data collection period (starting 3 days before the first match and ending
3 days after the last match), players’ RPE and ENJ responses were recorded within 30
min after the end of the match, before players left the swimming facility. To minimize
potential post-match interference and standardize the timing of responses, players were
trained to use their smartphones for online data collection, which has been shown to be
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a reliable tool among athletes [32]. Players completed the RPE and ENJ scales using a
customized Google Forms questionnaire, which mirrored the content of the printed and
digital scales provided during the familiarization period. The questionnaire was sent to
their personal smartphones via WhatsApp. Using the session-RPE (s-RPE) method [26],
the internal match load was calculated by multiplying each player’s RPE score by the
number of minutes played, with the result expressed in arbitrary units (a.u.). For the ENJ
scale, players rated their match enjoyment on a 7-point scale (1 = not at all, 7 = extremely
enjoyable).

Perceived recovery was assessed using the 10-point Perceived Recovery Scale [31],
ranging from 0 (‘very poorly recovered/extremely tired’) to 10 (‘very well recovered/highly
energetic’). This scale has previously been used in other team sports [33,34] as well as in
water polo [35]. Specifically, the PRS was administered 36 h post-match (PRS36h, when
there was a rest day after the last match, in the morning between 8:00 and 8:30), 12 h
post-match (PRS12h, in the morning between 8:00 and 8:30), and 6 h post-match (PRS6h,
in the afternoon between 17:30 and 18:00). Players’ well-being was monitored using the
Hooper Index [30], a self-assessment questionnaire based on four subjective measures, each
rated on a 7-point Likert scale. These measures were administered daily at the same time
as the morning PRS (between 8:00 and 8:30) and assessed the athletes’ perceived levels of
(i) stress, (ii) fatigue, (iii) muscle soreness (DOMS), and (iv) sleep quality. Scores for stress,
fatigue, and DOMS ranged from 1 (‘very, very low’) to 7 (‘very, very high’), while sleep was
rated from 1 (‘very, very bad’) to 7 (‘very, very good’). The overall Hooper Index score was
obtained by summing up the four individual ratings.

Table 1 shows the scheduling of all matches played and the administration of the
monitoring questionnaires.

Table 1. Overview of congested match schedule and timeline of monitoring questionnaire administration.

TUE—day −1 WED—day 1 THU—day 2 FRI—day 3 SAT—day 4 SUN—day 5
18/07/23 19/07/23 20/07/23 21/07/23 22/07/23 23/07/23

a.m.
HI + PRS36h HI + PRS12h HI + PRS12h HI + PRS12h HI + PRS12h

FM2 FM4 FM6
RPE + ENJ RPE + ENJ RPE + ENJ

p.m.
PRS6h PRS6h PRS6h

R FM1 FM3 FM5 FM7 R
RPE + ENJ RPE + ENJ RPE + ENJ RPE + ENJ

MON—day 6 TUE—day 7 WED—day 8 THU—day 9 FRI—day 10 SAT—day 11
24/07/23 25/07/23 26/07/23 27/07/23 28/07/23 29/07/23

a.m.
HI + PRS36h HI + PRS12h HI + PRS12h HI HI HI

TM1 TM3 TM5
RPE + ENJ RPE + ENJ RPE + ENJ

p.m.
PRS6h PRS6h
TM2 TM4 R R R

RPE + ENJ RPE + ENJ
Note. HI = Hooper Index questionnaire; PRS = Perceived Recovery Scale questionnaire; FM = friendly
match; R = Rest Day; RPE = Rated Perceived Exertion; ENJ = Enjoyment Likert Scale questionnaire;
TM = tournament match.

Anthropometric measurements included body mass and height. Body mass was
assessed using a Tanita SECA 762 scale (measuring range: 0–150 kg; SECA, Hamburg,
Germany), while height was measured with a SECA 213 stadiometer (measuring range:
20–205 cm; SECA, Hamburg, Germany).
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2.4. Statistical Analysis

Descriptive statistics for all variables are presented as the mean ± standard deviation
(SD). To assess the effects of contextual factors on players’ internal load, perceived recov-
ery, well-being, and enjoyment, separate linear mixed-effects models were used. Linear
mixed models were used to assess how various contextual factors affected each outcome:
s-RPE, ENJ, PRS12h and PRS6h, HI, and its individual components (fatigue, sleep, stress,
and DOMS). The fixed effects included in the models were as follows: (i) the match type
(friendly match (FM) vs. tournament match (TM)); (ii) the match time of day (morning vs.
afternoon, for comparison between PRS6h and PRS12h); and (iii) the match day (chronologi-
cal progression of the congested match schedule (day 1 to day 7)). Players were included
as a random factor to account for repeated measures. For each significant main effect, the
effect size was calculated using Cohen’s d, with the following interpretation: 0.2, trivial;
0.2–0.6, small; 0.6–1.2, moderate; 1.2–2.0, large; and 2.0, very large [36].

In addition, separate linear mixed models between continuous variables were used to
assess the associations between s-RPE and PRS12h and well-being indicators (HI, fatigue,
sleep, stress, and DOMS). In this analysis, the intraclass correlation coefficient (ICC) was
calculated to assess the consistency of the measurements.

All results of the main effect analyses are reported as F and p values. Furthermore,
95% confidence intervals (CI) were computed and reported for estimated marginal means
to enhance interpretability and indicate the precision of the effects.

All statistical analyses were performed using the Jamovi software (version 2.6.44, x64;
Jamovi, Sydney, Australia), and the statistical significance was set at p < 0.05.

3. Results

Table 2 presents the descriptive statistics (mean ± SD) for perceived exertion (RPE),
enjoyment (ENJ), session-RPE (s-RPE), and players’ playing time during friendly (FM) and
tournament (TM) matches, respectively.

Table 2. Descriptive statistics of dependent variables (mean ± SD).

Mean SD

RPE_FM (a.u.) 6.72 1.70
RPE_TM (a.u.) 6.69 2.46
ENJ_FM (a.u.) 4.42 1.40
ENJ_TM (a.u.) 3.74 1.95

s-RPE_FM (a.u.) 177 80.8
s-RPE_TM (a.u.) 183 97.5

Players’ playing time_a.m. (min) 25.3 8.89
Players’ playing time_p.m. (min) 25.5 8.29
Players’ playing time_FM (min) 25.6 8.23
Players’ playing time_TM (min) 25.1 9.08

Note. RPE = Rated Perceived Exertion; FM = friendly match; TM = tournament match; ENJ = Enjoyment Likert
Scale questionnaire; s-RPE = session-RPE; a.m. = morning match; p.m. = afternoon match.

The average players’ PRS value was 4.5 ± 2 and 3.1 ± 2 for PRS12h and PRS6h,
respectively, while it was 4.0 ± 2.1 for PRS12h after friendly matches and 3.8 ± 2.1 for PRS12h

after tournament matches (Figure 1). Regarding the match time of day as a contextual
factor, the linear mixed model revealed a significant main effect only on the PRS (F = 34.7; p
< 0.001; estimate = −1.432; mean difference ± standard error [PRS12h − PRS6h] = 1.42 ±
0.32; 95% CI = 2.88, 4.48; ES = 0.703, moderate), while no main effects were observed for
the s-RPE (F = 0.02; p = 0.893) and the ENJ (F = 2.54; p = 0.113).
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Figure 1. Comparison of PRS values between PRS12h and PRS6h sessions and between PRS12h of
friendly matches and tournament matches. Note: PRS = perceived recovery scale; 12h = PRS12h;
6h = PRS6h; FM12h = PRS12h after friendly match; TM12h = PRS12h after tournament match.

This study found no main effects on the s-RPE, PRS12h, or HI when considering
friendly and tournament matches. However, the ENJ was significantly influenced by the
type of match (F = 9.2; p = 0.003, estimate = −0.742; mean difference ± standard error
[ENJ_FM − EN_TM] = 0.68 ± 0.26; 95% CI = −1.22, −0.26; ES = 0.396, small) (Figure 2).

*

0
1
2
3
4
5
6
7

ENJ_FM ENJ_TM

EN
J (

a.
u.

)

Figure 2. Comparison of ENJ values between friendly matches and tournament matches. Note.
FM = friendly match; TM = tournament match; ENJ = Enjoyment Likert Scale questionnaire; * main
effect showed by the linear mixed model (p = 0.003).

The analysis of the linear mixed model also revealed that the match-day factor had
significant main effects on the HI (F = 4; p = 0.002; estimate = 13.89; 95% CI = 11.48,
14.79), sleep (F = 2.89; p = 0.0014; estimate = 3.47; 95% CI = 2.86, 3.65), PRS12h (F = 2.7;
p = 0.02; estimate = 4.76; 95% CI = 4.30, 6.40), and the daily s-RPE (F = 16.6; p < 0.001;
estimate = 311.1; 95% CI = 666; 865.5). In this case, given the large number of pairwise
comparisons, effect sizes were not reported.

Based on the pooled match data, the linear mixed model analysis between continuous
variables revealed significant relationships between s-RPE and the Hooper Index (HI)
(F = 11; p = 0.001; estimate = 0.001; 95% CI = 11.86, 15,92; ICC = 0.798), the fatigue item
(F = 11; p = 0.001; estimate = 0.002; 95% CI = 3.29, 4.47; ICC = 0.729), and the PRS12h score
(F = 9.01; p = 0.004; estimate = −0.003; 95% CI = 3.93, 5.59; ICC = 0.562).

Figure 3 illustrates the s-RPE and HI trends over the data collection period, starting
three days before the congested match schedule and continuing until three days after
its end.
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Figure 3. An overlay representation of the s-RPE and Hooper Index scale across the congested period
of matches. Note: s-RPE = session-RPE; HI = Hooper Index, * = days of a congested match schedule
(data collection period); # = rest day.

4. Discussion

The main purpose of this study was to examine male youth water polo players’
perceptions of effort, enjoyment, recovery, and well-being factors during a congested match
schedule that included both official and training matches. To the best of our knowledge,
this is the first water polo study that specifically investigates matches played twice in
the same day (one match in the morning and one in the afternoon) and repeatedly over
consecutive days (12 matches in 7 days). This kind of scheduling provides a valuable
opportunity to better understand how repeated efforts, combined with minimal recovery
both on the same day and across consecutive days, affect players’ perceived status.

The main findings showed that the scheduled daytime (morning vs. afternoon matches
on the same day) did not significantly affect the match load as measured by the s-RPE, nor
did it influence perceived enjoyment. Such findings may be attributed to the consistency in
players’ playing time across the two sessions. As most players participated for a similar
number of minutes in both daytime matches (Table 2), their perceived exertion remained
stable throughout the day. Additionally, as suggested by Botonis et al. [37], the frequent
players’ rotation implemented during the water polo matches likely contributed to a more
even distribution of their perceived loads. With regard to enjoyment, it can be speculated
that players maintained high levels due to the competitive nature of the matches and
their intrinsic motivation of participating in a highly competitive event. As previously
demonstrated in water polo [23], enjoyment may be more influenced by contextual factors,
such as the match outcome, than by players’ physical effort or well-being status.

However, the linear mixed model revealed that daytime did impact players’ perceived
recovery status (PRS), with values expressed before afternoon matches (PRS6h) associated
with scores 1.4 points lower than scores indicated before morning matches (PRS12h). This
difference may be attributed to the structure of the congested schedule, where afternoon
matches often followed a morning fixture on the same day, without any specific post-match
recovery interventions. As a result, the recovery window between matches was less than
8 h, potentially compounding fatigue and influencing players’ perceptions due to the
cumulative load. Our findings confirm the importance of planning recovery strategies
between both congested training and matches, as previously demonstrated in the related
literature [38]. In fact, as suggested by Barrenetxea-Garcia et al. [17], water polo coaches
should modify their habit of underestimating recovery strategies in their periodization.
Moreover, as suggested by the literature, these strategies could easily include specific
nutritional interventions tailored for water polo players [39] or active recovery protocols as
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demonstrated in swimming settings [40]. For this reason, water polo coaches should include
evidence-based recovery practices in their coaching philosophy. However, current studies
suggest that many coaches still miss the habit of monitoring their athletes, highlighting a
gap in the management of players’ recovery [13].

Regarding the analysis of friendly and tournament matches, which presented similar
s-RPE and HI values, the linear mixed model revealed a main effect for the enjoyment
contextual factor, with significantly higher scores in friendly matches compared to official
ones. These findings support the notion that, in water polo, the pressure to achieve
results and the significance of match outcomes can negatively affect players’ perceived
enjoyment [23]. Specifically, the tournament matches were held at the end of a congested
schedule (the last five matches within three days), under elevated stress levels and reduced
motivation. By that point, players had already completed seven friendly matches, during
which they could experiment with technical skills and play more freely without the burden
of the competitive pressure of a tournament match.

In our group, the linear mixed model showed that the daily s-RPE was positively asso-
ciated with the overall Hooper Index, especially with the fatigue sub-scale, and inversely
associated with the PRS12h. This result aligns with previous research regarding water
polo, which found that players’ perceived recovery tended to be lower due to accumulated
fatigue and residual stress from consecutive matches and a preceding intensified training
period [18].

Moreover, the analysis of the linear mixed model revealed that the match-day contex-
tual factor significantly influenced the sleep sub-scale scores of Hooper Index, the perceived
recovery status (PRS), and the daily session rating of perceived exertion (s-RPE). Indeed,
as illustrated in Figure 3, the HI showed a gradual increase leading up to the congested
match period, peaking around Day 1. This trend suggests a cumulative load effect result-
ing from the preparatory phase. Notably, the HI remained relatively elevated and stable
throughout the central phase of the congested matches period (Day 1 to Day 7), which can
be explained by a state of maintained physiological and psychological strain without full
recovery between matches. A pronounced decline can be observed immediately after the
final matches (from Day 8 to Day +3), indicating that players began their recovery once the
intensive match schedule ended. The substantial main effect on sleep across match days
aligns with the existing literature in team sport indicating that sleep quantity and quality
may significantly fluctuate based on the player’s daily routine [41]. Specifically, for water
polo, a previous study by Botonis et al. [19] suggests that the increased workload alongside
the inadequate recovery during congested period affects sleep patterns. Indeed, our re-
sults speculate that the cumulative fatigue and workload over consecutive days adversely
affected players’ sleep quality. Furthermore, being away from home and sleeping in an
unfamiliar setting while travelling likely exacerbated their sleep disturbances [20,23]. The
decline noted on specific match days in the Perceived Recovery Scale aligns with previous
findings indicating that in water polo, recovery perceptions vary according to accumulated
training and match load [19]. The significant rise in the daily s-RPE can be attributed to
the cumulative internal load from previous days, particularly during congested schedules
where players faced repeated high-intensity demands without adequate recovery time or
interventions. The progressive increase in load can result in increased perceived exertion
on match days, despite the external load remaining constant, as indicated by the average
playing time in our study.

Limitations

This study has several limitations that should be acknowledged. The sample size was
relatively small and limited to a single youth water polo team (14 players), which may
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affect the generalizability of the findings. Although perceived values and measures were
monitored using validated questionnaires, these rely on self-reported data, which may
be subject to individual bias or misinterpretation. Despite a three-week familiarization
period and the athletes’ regular use of these scales throughout the season, some variability
in subjective responses cannot be excluded.

Furthermore, the absence of external load measures, technical–tactical analyses [42], or
specific swimming tests during the data collection period [43] limits a more comprehensive
understanding of the physiological demands placed on the players during the congested
match schedule. Moreover, no data were collected regarding the training sessions carried
out before the research period, which does not allow any comparison between a regular
training period and the congested match schedule in terms of players’ internal load and
perceived responses.

Finally, this study focused exclusively on male youth players, and future research
should aim to address these gaps and explore whether similar patterns emerge under the
new 25 m rules [44], as well as among female and elite senior players.

5. Conclusions

Conducting research in real-world scenarios is essential to ensure ecological validity
and practical applicability. In this regard, our study offers valuable insights into the internal
match load, well-being, perceived recovery, and enjoyment of youth water polo players
during a congested competition schedule. Over a seven-day period, players participated in
twelve matches (averaging 1.7 matches per day), which resulted in fluctuations in s-RPE,
recovery, and general well-being. Notably, perceived enjoyment was higher during official
matches compared to friendly ones, suggesting that psychological factors can influence
players’ perception independently of physical load.

To better support youth players in such demanding contexts, coaches should consis-
tently apply simple monitoring tools like the session-RPE method, the Hooper Index, and
PRS questionnaires. These tools can provide real-time feedback to detect signs of accu-
mulated fatigue or insufficient recovery. Coaches are also encouraged to incorporate brief
psychological interventions and tailored recovery strategies, particularly when matches
occur less than 6 or 12 h apart for several consecutive days. By following these guidelines,
such an approach not only helps optimize short-term performance but may also contribute
to safeguarding long-term players’ development in youth water polo.
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R Rest Day
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Abstract: At non-professional levels of rugby league, run-based tests are commonly per-
formed on outdoor turfed fields and on indoor multipurpose sport surfaces, and results are
monitored to gauge player performance and progression. However, test–retest reliability
has not been conducted on indoor surfaces in adolescent rugby league players, and no
research has examined if results obtained on outdoor and indoor surfaces are comparable
for practitioners. Adolescent, male, rugby league players (N = 15; age = 17.1 ± 0.7 years)
completed a 20 m linear sprint test (10- and 20 m splits), 505-Agility Test, and Multistage
Fitness Test (MSFT) weekly for three consecutive weeks. Absolute (coefficient of variation
(CV)) and relative (intraclass correlation coefficient (ICC)) reliability of each run-based
test performed on the indoor surface was quantified. Dependent t-tests, Hedges g, and
95% confidence intervals were used to examine if differences in performance occurred
between indoor and outdoor surfaces. Effect size magnitudes were determined as Trivial:
<0.20, Small: 0.20–0.49, Medium: 0.50–0.79, and Large: ≥0.80. All tests were considered
reliable on the indoor surface (CV < 5.0%; ICCs = moderate-good) except for the 505-Agility
Test (CV = 4.6–5.1%; ICCs = poor). Non-significant (p > 0.05), trivial differences were re-
vealed between surface types for 10 (g = 0.15, 95% CI = −0.41 to 0.70) and 20 m (g = 0.06,
95% CI = −0.49 to 0.61) sprint tests, the 505-Agility Test (Right: g = −0.53, 95% CI = −1.12
to 0.06; Left: g = −0.40, 95% CI = −0.97 to 0.17), and the MSFT (g = 0.25, 95% CI = −0.31 to
0.81). The 10 and 20 m linear sprint test and MSFT have acceptable test–retest reliability on
an indoor multipurpose sport surface, and practitioners may compare results of run-based
tests obtained on an outdoor and indoor surface.

Keywords: test–retest reliability; youth; performance; strength and conditioning; exercise

1. Introduction

Successful performance in rugby league is highly dependent on several run-based
skills such as linear speed, change of direction, and aerobic capacity [1]. As a result,
practitioners (i.e., coaches, sports performance, and sports science staff) seek to enhance
on-field player performance by creating structured training protocols aimed at improving
linear speed, change of direction, and aerobic capacity of players [2]. To ensure that the
structured training protocol elicits positive training adaptations, practitioners periodically
assess the effects of training on player performance of the variables they are seeking to
improve [2,3]. As a result, it is common practice for rugby league practitioners to obtain
several measures of linear speed (commonly assessed with 10 and 20 m sprint tests), change
of direction (commonly assessed with the 505-Agility Test), and aerobic capacity (commonly
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assessed with the Multistage Fitness Test (MSFT)) over the duration of the season to monitor
the efficacy of their training protocol [4,5].

In rugby league, particularly at the high school level, linear speed, change of direction,
and aerobic capacity testing primarily occurs on outdoor turfed fields. In this regard,
numerous studies have reported 10 m linear sprint speed, 20 m linear sprint speed, 505-
Agility Test, and MSFT performance to be reliable on outdoor turfed fields in adolescent,
male, rugby league players [6–8]. However, conducting run-based tests on outdoor turfed
surfaces introduces unnecessary error into test results via extraneous variables such as
weather, varied surface conditions such as turf type (e.g., various types of grass and vari-
ability in turf height), and variations in surface stiffness (e.g., moisture affecting stiffness)
of the turfed surface [9,10]. Furthermore, given that the Australian adolescent rugby league
season (also known as schoolboy rugby league) spans from summer through winter (i.e.,
the match schedule occurs from May to September), extraneous variables influencing out-
door turfed surface conditions are inevitable. Specifically, practitioners are likely to make
assessments on player adaptations from outdoor test results that were collected in condi-
tions that had substantial variations in heat [11], solar exposure [12], and moisture [13]
due to rain and/or dew which effect traction, friction, and surface stiffness [14]. Each
condition can affect the physiological (i.e., core body temperature and heart rate) [15] and
biomechanical (i.e., ground reaction force and friction) performance of the player [9,10],
which can influence test results [9,13]. Despite the limitations of conducting run-based tests
on outdoor turfed surfaces, outdoor testing is the preferred mode of testing of adolescent
rugby league practitioners and can be justified by the logic that rugby league is played on
outdoor turfed surfaces.

Even though it is the preference of adolescent rugby league practitioners to conduct
run-based tests on outdoor turfed surfaces, it is not uncommon for testing to occur on
indoor multipurpose sport surfaces primarily due to weather events such as rain, snow,
or lightning. As a result, it is common for adolescent rugby league practitioners to gauge
player performance and progression with results of run-based tests obtained on outdoor
turfed surfaces and indoor multipurpose sport surfaces. This practice raises two questions.
First, are the results of run-based tests obtained on an indoor multipurpose sport surface
reliable in adolescent rugby league players as no found research has been published on this
topic. Second, assuming the results of run-based tests performed on an indoor multipurpose
sport surface are reliable in adolescent rugby league players, can practitioners meaningfully
compare results of run-based tests obtained on an outdoor turfed surface and an indoor
multipurpose sport surface which is commonly occurring in practice.

2. Materials and Methods

2.1. Participants

The first aim of our study was to quantify the test–retest reliability of the 10 m sprint
test, 20 m sprint test, 505-Agility test, and MSFT on an indoor multipurpose sports surface in
our sample. As a result, no power analysis was required for this study aim. The second aim
of our study was to determine if results from a 10 m sprint test, 20 m sprint test, 505-Agility
test, and MSFT performed on an outdoor turfed field and an indoor multipurpose sports
surface could be meaningfully compared by practitioners to make informed decisions about
player performance and progression. As a result, we conducted an a priori power analysis
using G*Power (3.1.9.7; Heinrich Heine University, Dusseldorf, Germany). Based on the
statistical test, differences between two dependent means (matched pairs), a two-tailed test,
an effect size of 0.80, an α error probability of 0.05, and a power (1-β error probability) of
0.80, the required sample size was calculated as 15. Therefore, our study was adequately
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powered to detect if a large difference occurred in the performance time of each run-based
test performed on the two surface types.

Adolescent, male, rugby league players (N = 15, age: 17.1 ± 0.7 years; height:
179.96 ± 5.95 cm; mass: 83.36 ± 14.59 kg) from the same team volunteered to partake
in this study. Players were recruited to participate if they were selected to compete in the
first-grade schoolboy competition (e.g., equivalent to the varsity team in American high
schools) and were free from injury and illness. All players had a minimum of six months
of a consistent training history (i.e., rugby league skills and development training and
technical/safety introductions to resistance training) and were familiarized with all tests to
be completed at least once prior to the first testing session. Written informed assent was
obtained from all participants and written informed consent was obtained from a legal
guardian of each participant prior to the commencement of this study. The study protocol
was approved by the institution’s Human Research Ethics Review Committee prior to the
commencement of the study (#0000023570).

2.2. Study Design

A within-participant, repeated measure, crossover design was employed for this study,
which occurred at the end of the in-season training phase of the season. Players were partak-
ing in three gym sessions (resistance training occurred on Monday, Wednesday, and Friday)
and two field sessions (skills and drills training occurred on Monday and Wednesday)
per week. Training occurred as follows: Monday (resistance training 15:00–15:50 followed
by a field session 15:50–16:45), Wednesday (resistance training 15:00–15:50 followed by a
field session 15:50–16:45), and Friday (06:00–07:00, resistance training). Data collection for
this study over three weeks. During the three-week data collection period, participants
trained as specified on Monday but did not train on the Wednesday (to allow for 48 h rest),
and the Friday training session was replaced by testing (06:00–12:00). This modification
to the training schedule allowed for a 48 h rest prior to each training session and testing
sessions (Figure 1). Testing occurred in the following order: Week 1: Run-based tests
performed on an outdoor turfed surface (i.e., a grass field). Weeks 2 and 3: Run-based
tests performed on an indoor multipurpose sports surface. The results of run-based tests
conducted during weeks 2 and 3 allowed for the examination of test–retest reliability of
each run-based test on an indoor multipurpose sports surface (Aura Sports, Polyurethane
Flooring; Ipswich, QLD, Australia). The results of the run-based tests conducted during
weeks 1 and 2 allowed for the comparison of tests performed on an outdoor turfed surface
and an indoor multipurpose sports surface. It is common practice for the reliability of
run-based tests to be evaluated on different days within a timeframe of seven days to limit
or prevent results of subsequent tests from being influenced by maturation in younger
cohorts or a training effect in those undertaking structured training [16].

Each Friday of the testing period, players reported to the testing facility and performed
a consistent 15 min warm-up protocol that was delivered prior to each testing session and
was completed by all players. The warm-up comprised five minutes of light aerobic cycling,
several mobility exercises which targeted major functional movements, and dynamic
stretches of the lower body for four minutes. Thereafter, movement preparation exercises
with body weight or resistance bands (i.e., squat, lunge, Pallof press, and single-arm row)
were performed for four minutes, and a football was repeatedly passed over 10 m intervals
while moving at different intensities for two minutes. Tests were always administered in
the following order: 20 m linear sprint tests (from which the 10 m sprint time split was
derived), 505-Agility Test, and the MSFT. The order of testing follows the recommendations
of the National Strength and Conditioning Association (NSCA) [17].
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Figure 1. Schematic of the study design.

2.3. Methods

Players were instructed to consume their typical diet, refrain from vigorous activity,
and continue with their normal daily schedules (i.e., nutrition, hydration, sleep, and
school participation) for 48 h prior to the commencement of each testing session [6,18].
Testing sessions were conducted in three groups of four players and one group of three
players. Each group of players completed testing in 90 min sessions as follows: group 1:
06:00–07:30; group 2: 07:30–09:00; group 3: 09:00–10:30; and group 4: 10:30–12:00. Each
group of players was assigned to the same scheduled time for each testing session to
reduce the effects of circadian rhythms [19], hormonal fluctuations [20], and feeding [21] on
performance. For each testing session, participants wore regular rugby league attire (t-shirt
and shorts), but footwear was altered to suit the change in surface conditions. During
outdoor testing, participants wore cleats; during indoor testing, participants wore running
shoes. Participants were instructed to wear the same pair of running shoes during each
indoor testing session.

2.4. Linear Speed

Linear speed was assessed with 10 m and 20 m linear sprint times (s). Players were
positioned with the toes of their leading foot placed 50 cm behind the first timing gate on
marking tape in a split stance before initiating each sprint [22]. Each player completed
three 20 m sprints with each 20 m sprint commencing upon their own volition. Single-beam
electronic timing gates (SmartSpeed Pro, Fusion Sport; Brisbane, QLD, Australia) were
used to record sprint times. Single-beam electric timing gates were set at 0 m, 10 m, and
20 m (at a height of 1 m) to obtain a measure of 10 m and 20 m sprint times (s). Performance
times (s) were retrieved immediately after each attempt via the SmartSpeed application
(version 1.0.4) for 10 m and 20 m splits to the nearest 0.001 s. Between each attempt, 60 s
of passive standing rest was allocated to separate attempts, with the fastest of the three
attempts for each split (10 m and 20 m) recorded for analysis [6].

2.5. Change-of-Direction

Change-of-direction was assessed with the 505-Agility test. Players began each attempt
standing with the toes of their lead foot on marking tape set at the 0 m point. Players were
expected to move as fast as possible on their own volition in a forward direction for 15 m
before turning 180 degrees back towards the starting point, and accelerating for a further
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5 m [1]. One single-beam electronic timing gate (SmartSpeed Pro, Fusion Sport; Brisbane,
QLD, Australia) was positioned 10 m from 0 m starting point to record performance time
to the nearest 0.001 s. Timing commenced as participants passed through the timing gate
covering an additional 5 m before turning and passing the timing gate to complete the test.
Performance was assessed separately for the left and right leg to initiate the COD (plant
leg), requiring players to complete six total attempts in the same order on each occasion
(performed first, as a right lead leg for three attempts and then left lead leg for the final
three attempts, with the lead leg being the foot to make the turn). The fastest of the three
attempts for each leg was recorded for analysis.

2.6. Aerobic Capacity

Aerobic capacity was assessed with the MSFT to estimate maximal oxygen uptake
(VO2max [mL·kg−1·min−1]), following an established procedure and equation [23]. The
MSFT requires participants to perform repeated 20 m shuttle runs with progressive in-
creases in speed dictated by audio cues. The MSFT concluded when players voluntarily
stopped or failed to complete the necessary distance as signaled by audio cues across
two successive shuttles. During testing on the outdoor turfed surface, players completed
the MSFT on a regulation, grass, rugby league field with clearly marked lines to indicate
the 20 m distance. During indoor testing, players completed the MSTF on an indoor
multipurpose sports surface with clearly marked lines indicating the 20 m distance.

2.7. Reliability and Levels of Acceptability

Reliability of tests is often assessed by quantifying the coefficient of variation (CV)
and intraclass correlation coefficient (ICC) [24]. CV represents the absolute reliability of a
test and quantifies the random error between repeated measurements. CV is most relevant
when assessing changes in the outcome of a test over time (i.e., the repeatability of the
result in regard to average performance) [16]. In contrast, ICC represents relative reliability,
which quantifies the amount of variability in the measurement that was due to differences
between participants (i.e., the repeatability of the test in regard to how participants finish in
the same order/hierarchy when a test is repeated over time) [16]. Using established criteria,
a CV of <5.0% is considered reliable for a 10 m sprint, 20 m sprint, and 505-Agility Test,
while a CV of <10.0% is considered reliable for the MSFT [25]. Given no specific thresholds
of ICCs for run tests exist, ICCs were evaluated using generalized established criteria of
poor: ≤0.50, moderate: 0.50 to 0.74, good: 0.75 to 0.90, or excellent: ≥0.90 and were interpreted
based on the ICC value without considering the 95% confidence interval (CI) [26]. The
CV and ICC of run-based tests performed on an indoor multipurpose sport surface were
determined using the best attempt of each trial that occurred during each testing session
(e.g., the best 10 m sprint time obtained from testing during week 2 and the best 10 m sprint
time obtained from testing during week 3).

2.8. Statistical Analyses

To accomplish the first aim of our study, we quantified the CV and ICC with a
95% CI [26] for each run-based test performed on an indoor multipurpose sport surface.
The CV of each run-based test was quantified using an established formula [27] with
calculations being performed in Microsoft Excel (version 15, Microsoft Corp; Redmond,
WA), while the ICC and 95% CI were quantified using IBM SPSS software (version 24 IBM
Corp; Armo, NY, USA). To accomplish the second aim of our study, we compared the results
of each run-based test performed on an outdoor turfed surface and an indoor multipurpose
sport surface using separate dependent t-tests (i.e., outdoor turfed surface test results
obtained during week 1 were compared to indoor multipurpose sport surface test results
obtained during week 2). Prior to making any comparisons, each dependent variable
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was tested for normality with separate Shapiro–Wilk tests. Each dependent variable was
normally distributed (p > 0.05) except for the 10 m sprint test performed on the outdoor
turfed surface (p < 0.05). As a result, we visually inspected the distribution of data for 10 m
sprint performance using Q–Q plots and determined the data to be reasonably normally
distributed. As a result, all data were reported as means and standard deviations (SD).
Significance testing (i.e., p-values) was utilized to determine if a repeatable difference
was present for each run-based test performed on an outdoor turfed surface or indoor
multipurpose sport surface with significance set a priori at p < 0.05. An effect size and
95% CI were utilized to determine if a meaningful difference was present for each run-based
test performed on an outdoor turfed surface or an indoor multipurpose sport surface. Due
to the sample size, Hedges’ g was selected as the effect size measure [28] and was reported
with a 95% CI. The effect size magnitude of Hedges’ g was determined as Trivial: <0.20,
Small: 0.20 to 0.49, Medium: 0.50 to 0.79, or Large: ≥0.80; however, if the 95% CI overlapped
0, the effect size magnitude was defined as trivial. Dependent t-tests were conducted
with Jamovi (version 2.3.28; the Jamovi project) while Hedges’ g and the 95% confidence
intervals were quantified in Microsoft Excel (version 15, Microsoft Corp; Redmond, WA,
USA) as follows:

Step 1: Quantification of Cohen’s d [28]
Cohen’s d = (Time Point A Mean − Time Point B Mean)/Pooled Standard Deviation
We then calculated (Outdoor testing time point − initial (week 2) indoor time

point)/Pooled Standard Deviation
Step 2: Quantification of Hedges’ g [28]
Hedges g = d*(1 − (3/(4*(Number of Pairs − 1) − 1)))
where d = Cohen’s d
Step 3: Quantification of the 95% Confidence Interval for Hedges’ g
95% CI for Hedges’ g = g ± (tα/2*SEg)
where g = The effect size of Hedges’ g
tα/2 = The critical value from a dependent samples t-distribution table (N = 15

t2.131 [29]
and df = N − 1)
SEg = Standard error of Hedges’ g quantified as follows:
SEg =

√
((1/Number of Pairs) + (gˆ2/(2*Number of Pairs))))

3. Results

3.1. Test–Retest Reliability

Table 1 displays reliability statistics for each run-based test. All tests performed on an
indoor multipurpose sport surface displayed an acceptable CV other than the 505-Agility
test with a left leg lead (CV = 5.1%). The ICCs on an indoor multipurpose sport surface
ranged from poor (505-Agility test, right and left leg) to good (10 and 20 m sprint).

Table 1. Test–retest reliability of run-based tests performed on an indoor multipurpose sports surface.

Test n CV (%) Acceptable CV ICC (95% CI) ICC Classification

10 m sprint 15 1.9 Yes 0.76 (0.43 to 0.91) Good
20 m sprint 15 1.4 Yes 0.86 (0.63 to 0.95) Good
505-Agility Test right 15 4.6 Yes 0.19 (−0.34 to 0.63) Poor
505-Agility Test left 15 5.1 No 0.21 (−0.32 to 0.64) Poor
Multistage fitness test (mL·kg−1·min−1) 15 4.1 Yes 0.63 (0.19 to 0.86) Moderate

Abbreviations: n = sample; CV = coefficient of variation; ICC = intraclass correlation coefficient; CI = confidence
interval. An acceptable CV of 5.0% was utilized for the 10 m sprint test, 20 m sprint test, and 505-Agility Test
based on the recommendation of Currell et al. [25]. An acceptable CV of 10.0% was utilized for the multistage
fitness test based on the recommendation of Currell et al. [25]. The ICC classifications were based on the ICC value
independent of the 95% confidence interval [26]. The ICC classifications were defined based on the recommendations
by Koo et al. [26] as follows: poor: ≤0.50, moderate: 0.50 to 0.74, good: 0.75 to 0.90, or excellent: ≥0.90.
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3.2. Assessment of Significant and/or Meaningful Differences in Run-Based Tests Occurring on an
Outdoor Turfed Field and an Indoor Multipurpose Sport Surface

Non-significant, trivial differences were revealed for each run-based test performed on
an outdoor turfed surface and an indoor multipurpose sport surface (Table 2).

Table 2. Assessment of differences in run-based tests occurring on an outdoor turfed field and an
indoor multipurpose sport surface.

Test n

Outdoor
Turfed Surface

Indoor Multipurpose Sport
Surface

Comparison of Run-Based Tests Conducted During Week 1 and
Week 2

Week 1
Mean ± SD

Week 2
Mean ± SD

Week 3
Mean ± SD

p-Value Hedges’ g 95% CI
Effect Size
Magnitude

10 m sprint (s) 15 1.75 ± 0.05 1.77 ± 0.10 1.77 ± 0.11 0.56 0.15 −0.41 to 0.70 Trivial
20 m sprint (s) 15 3.05 ± 0.12 3.06 ± 0.16 3.07 ± 0.18 0.82 0.06 −0.49 to 0.61 Trivial
505-Agility right (s) 15 2.31 ± 0.20 2.20 ± 0.10 2.15 ± 0.17 0.05 −0.53 −1.12 to 0.06 Trivial
505-Agility left (s) 15 2.29 ± 0.18 2.21 ± 0.12 2.15 ± 0.19 0.13 −0.40 −0.97 to 0.17 Trivial
Multistage fitness test
(mL·kg−1·min−1) 15 46.09 ± 3.82 47.4 ± 3.87 46.79 ± 5.45 0.33 0.25 −0.31 to 0.81 Trivial

Abbreviations: n = sample; SD = standard deviation. The p-value represents significance and was set a priori at
p < 0.05. Hedges’ g is the effect size and represents the meaningfulness of the finding. Effect size magnitudes
were determined as trivial: <0.20; small: 0.20–0.49; medium: 0.50–0.79; and large: ≥0.80 [28]. However, when the
95% overlapped 0 the effect size magnitude was determined as trivial [28].

4. Discussion

Commonly utilized run-based tests in adolescent rugby league include the 10 m sprint
test, 20 m sprint test, 505-Agility Test with a left and right lead leg, and the MSFT [6]. Each
of these run-based tests has previously been deemed reliable on an outdoor surface [6,8]
but no research has examined the reliability of these tests in adolescent rugby league
players on an indoor surface. Moreover, no study has examined whether practitioners can
make meaningful comparisons between run-based tests performed on outdoor and indoor
surfaces despite commonly occurring in practice. Findings from our study suggest that the
10 m sprint, 20 m sprint, and MSFT can be reliably performed on an indoor multipurpose
sport surface, as each of these tests yielded an acceptable CV (CV <5.0%) and moderate to
good ICC values (ICC range: 0.63 to 0.86). Results from our data suggest the 505-Agility
Test (right and left lead leg) should be used with caution on an indoor multipurpose sport
surface due to poor absolute reliability (CV right lead leg: 4.6%, CV left lead leg: 5.1%) and
poor relative reliability (ICC right lead leg: 0.19, ICC left lead leg: 0.21). Results from the
dependent t-tests suggest practitioners can make comparisons between data collected on an
outdoor turfed surface and an indoor multipurpose sport surface for the 10 m sprint, 20 m
sprint, 505-Agility Test, and MSFT due to the lack of significant (p ≥ 0.05) or meaningful
differences (i.e., the effect size magnitude was trivial for each comparison). However, we do
not recommend performing the 505-Agility Tests on an indoor multipurpose sport surface
due to displaying poor test–retest reliability.

Test–retest reliability of linear speed tests in adolescent, male rugby league players
has previously been established on outdoor turfed surfaces [6,7]. Specifically, Carron
et al. [6] assessed the test–retest reliability of the 10 m (CV = 2.1%, ICC = 0.704) and 20 m
linear sprint (CV = 1.4%, ICC = 0.869) tests in adolescent, male, rugby league players
(N = 50; 16.2 ± 1.3 years), while Dobbin et al. [8] assessed the test–retest reliability of 10 m
(CV = 4.2%, ICC = 0.81) and 20 m linear sprint (CV = 3.6%, ICC = 0.78) tests in academy-
level, male, rugby league players (N = 50, 17.1 ± 1.1 years). Moreover, Darrall-Jones
et al. [7] assessed the CV of 10 m (CV = 3.1%) and 20 m linear sprint tests (CV = 1.8%) in a
sample of adolescent, male rugby players (N = 28, 17.7 ± 0.6 years), but their results reflect
data collected in academy rugby league (n = 14) and rugby union (n = 14) players reported
together (N = 28).
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Results from our study revealed the 10 m sprint (CV = 1.9%, ICC = 0.76) and 20 m
sprint (CV = 1.4%, ICC = 0.86) to be reliable on an indoor multipurpose sport surface and are
comparable to previously published results obtained on an outdoor surface in adolescent,
male, rugby league players [6]. However, results from our study suggest the 505-Agility
Test performed on an indoor surface to be unreliable, as CVs ranged from 4.6% (right foot
lead) to 5.1% (left foot lead). Given that a CV of <5.0% is considered acceptable [28] and
we had a small sample size (N = 15), future research conducted with a larger sample size
may reveal the 505-Agility Test to have an acceptable CV on an indoor surface. However,
we found the 505-Agility Test to present poor ICCs with a right foot lead (ICC = 0.19,
95% CI = −0.34 to 0.63) and left foot lead (ICC = 0.21, 95% CI = −0.32 to 0.64). To our
surprise, our findings suggest when assessing tests of change of direction, specifically with
the 505-Agility test, it may be more suitable to use an outdoor turfed surface, as previous
investigations conducted in adolescent, male, high school rugby league players found the
505-Agility test to be reliable (right foot lead: CV = 1.85%, ICC = 0.787; left foot lead: CV
= 2.07%, ICC = 0.860) when obtained on an outdoor surface [6]. We speculate that the
degree of surface stiffness likely affects the consistency of change of direction movements
when performed on an indoor multipurpose sport surface. Specifically, friction and traction
are integral for cutting maneuvers [9] and the malleability (i.e., softness) of the turfed
surface likely enables players to plant and stabilize their footing more efficiently by way
of surface manipulation [30], particularly when wearing cleats. In this way, players may
alter the surface and utilize ground reaction forces to articulate their mechanical power
effectively when performing the 180-degree turn expressed in the 505-Agility test [31].
Moreover, stiffer surfaces yield less force loss via deformation of the surface resulting in
improved proprioceptive feedback assisting mechanical and technical efficiency [32] when
performing the sprinting component of the 505-Agility test [31]. Conversely, non-malleable
surface types, such as an indoor multipurpose sport surface may introduce a slip factor
negatively influencing the reliability of test results.

We found the MSFT to be reliable when performed on an indoor surface in adolescent,
male, high school rugby league players (CV = 4.1%, ICC = 0.63, 95% CI = 0.19 to 0.86,
Moderate). Our results differ from a previous study that investigated the reliability of the
MSFT in male, adolescent, high school rugby league players on an outdoor turfed surface
(CV = 3.04, ICC = 0.84, Good) [6]. The negligible differences between the reliability (CV
and ICC) of the MSFT we found on an indoor multipurpose sport surface, and that which
Carron et al. [6] reported on an outdoor turfed surface, suggest that practitioners can make
meaningful comparisons of MSFT results obtained on these surfaces. However, due to the
extraneous variables introduced by outdoor testing, best practice would suggest assessing
MSFT performance on an indoor multipurpose sport surface when possible.

If accuracy is the primary concern of practitioners, the 10 m sprint, 20 m sprint, and
MSFT should be performed on an indoor multipurpose sport surface in adolescent, male,
rugby league players. Conducting these run-based tests on an indoor multipurpose sport
surface would aid in standardizing run-based tests, resulting in greater homogeneity of
testing procedures across studies and allowing for more accurate comparisons between
studies. Moreover, the adoption of standardized testing procedures would enable prac-
titioners to more accurately compare results from test outcomes obtained in practice to
test outcomes presented in research. Due to the 505-Agility Test having poor reliability in
our study, we cannot currently recommend performing the 505-Agility Test on an indoor
multipurpose sport surface. However, future studies should attempt to replicate our find-
ings, as we had a small sample size and we appear to be the first to report on the reliability
of run-based tests on an indoor multipurpose sport surface in adolescent, male, rugby
league players. Therefore, more research should be conducted before definitive conclusions
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about the reliability of run-based tests in adolescent, male, rugby league players and other
populations can be confirmed.

Notably, we recommended that practitioners, who are using run-based tests to monitor
player progression over time, perform run-based tests on an indoor multipurpose sport
surface, when possible, as fewer extraneous variables are introduced to the testing protocol
compared to testing on an outdoor turfed surface. In this vein, the assessment of test–retest
reliability of run-based tests has previously occurred within a seven-day period [6,8]. As a
result, test–retest reliability outcomes of run-based tests performed on an outdoor turfed
surface are likely to occur under similar external conditions such as temperature, humidity,
solar exposure, and surface conditions. However, if monitoring performance of run-based
tests take place over the duration of a year, in most climates, factors such as temperature,
humidity, solar exposure, and surface conditions will vary greatly from summer to winter.
Our study was conducted in a subtropical climate and the average 9 a.m. conditions in
February (Season: temperature: 27.2 ◦C, humidity: 75%, dew point: 22.1 ◦C, wind speed:
17.0 km/h, solar exposure: 21–24 kWh/m2) [33,34] were notably different to the average
9 a.m. conditions in September (Season: Sprint, temperature: 21.9 ◦C, humidity: 69%, dew
point: 15.7 ◦C, wind speed: 13.7 km/h, solar exposure: 21–24 kWh/m2) [33,34].

We conducted this study as it is common for practitioners to gauge player performance
and progression utilizing run-based test results obtained on outdoor turfed surfaces and
indoor multipurpose sport surfaces. Therefore, we determined if there were significant or
meaningful differences in performance times for the 10 m sprint test, 20 m sprint test, 505-
Agility Test, and MSFT. We found there to be no significant (p ≥ 0.05) or meaningful (a trivial
effect size magnitude was found for each test) differences between performance outcomes
of each run-based test performed on an outdoor turfed field or an indoor multipurpose
sport surface. To our surprise, our results suggest that, if required, practitioners may
compare results of run-based tests obtained on an outdoor turfed field and an indoor
multipurpose sport surface. However, for best practice, practitioners should seek to limit
as many extraneous variables as possible and, as a result, should seek to standardize their
testing practice, including surface type. In this way, future research should look to monitor
indoor and outdoor environmental conditions, including but not limited to temperature,
humidity, solar exposure, and surface condition (i.e., grass length/type, dew, and/or water
pooling). We recognize this as a limitation of our study, where conditions such as grass
length/type were not recorded. Moreover, researchers should not compare the results
of run-based tests obtained on an outdoor turfed surface and an indoor multipurpose
sport surface due to methodological issues regarding different mechanical properties (e.g.,
friction or energy return) and confounding factors (e.g., altered technique or loading
patterns).

5. Conclusions

The results from our study suggest that the 10 m sprint, 20 m sprint, and MSFT have
acceptable absolute (CV < 5%) and relative (ICC = moderate-good) reliability on an indoor
multipurpose sport surface. Importantly, we found the 505-Agility test to reside outside
the acceptable range of absolute reliability (left leg lead: 5.1%) and to have poor relative
reliability with a right leg and left leg lead. Researchers should not compare results of
run-based tests performed on outdoor turfed surfaces and indoor multipurpose surfaces
to maintain best practice. However, if necessary, practitioners may compare the results of
run-based tests performed on an outdoor turfed surface and an indoor multipurpose sport
surface to gauge player performance or progression. Nevertheless, best practice dictates
that practitioners should standardize their testing procedures.
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Abstract: Although laboratory testing to assess aerobic capacity has been a ‘gold standard’
in sports science, its high costs and time-consuming protocols may not be feasible for
monitoring and tracking progress in limited conditions. In dancesport athletes, several
field-based aerobic tests have been proposed, but the majority of them have been developed
for ballet or contemporary dancers at the individual level, while the data among dance
couples engaging in standard dance styles is lacking. Therefore, the main purpose of this
study was to validate a newly developed Ballroom Aerobic Test (BAT) protocol against
objective methods. Twelve standard dancesport couples (age: 20.4 ± 3.9 years; height:
172.1 ± 8.7 cm; weight: 60.1 ± 9.4 kg) with 8.2 ± 3.4 years of training and competing
experience participated in this study. Ventilatory and metabolic parameters were generated
using the MetaMax® 3B portable gas analyzer (the BAT), while the KF1 (an increase in speed
by 0.5 km * h−1 by every minute) and Bruce protocols were followed in laboratory-based
settings on the running ergometer. Large to very large correlations were obtained between
the BAT and KF1/Bruce protocols for the absolute maximal oxygen uptake (VO2max; r =
0.88 and 0.87) and relative VO2max (r = 0.88 and 0.85), respiratory exchange ratio (RER; r
= 0.78 and 0.76), expiratory ventilation (VE; r = 0.86 and 0.79), tidal volume (VT; r = 0.75;
95% CI = 0.57–0.87; p < 0.001), ventilatory equivalent for O2 (VE/VO2; r = 0.81 and 0.80)
and CO2 (VE/VCO2; r = 0.78 and 0.82), and dead space (VD/VT; r = 0.70 and 0.74). The
Bland–Altman plots indicated no systematic and proportional biases between the BAT
and KF1 protocols (standard error of estimate; SEE = ± 3.36 mL * kg−1 * min−1) and the
BAT and Bruce protocols (SEE = ± 3.75 mL * kg−1 * min−1). This study shows that the
BAT exhibits satisfactory agreement properties against objective methods and is a valid
dance protocol to accurately estimate aerobic capacity in dancesport athletes participating
in standard dance styles.

Keywords: dance; field-based test; aerobic capacity; agreement; Bruce protocol; KF1
protocol; MetaMax® 3B portable gas analyzer

1. Introduction

Dance has often been defined as a combination of art and sport, with some intermittent
intensity elements which are performed at higher levels [1]. Regardless of the style of
dance, the ability to withstand the training and competition schedules is a prerequisite,
and these physiologic capabilities are essential. Evidence suggests that aerobic capacity
plays a significant role for success in dance [2]. Prioritizing the efficiency of the uptake,
transport, and oxygen use efficiently is crucial for dance performance [3]. However, it has
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been noted that both semi-professional and professional dancers tend to have lower levels
of maximal oxygen uptake (VO2max) in comparison to other athletes [4]. The VO2max in
dancesport athletes is approximately 30% lower, in comparison to mono-structural and
team sport athletes [1]. A further explanation for the VO2max hypothesis in dance might
relate to the limited capacity of dance to stimulate positive training adaptations. Research
has shown that improvements in aerobic capacity are not linked to rehearsal activities
but rather to the intensity and duration of physical performances [5]. During specific
dance movements or training protocols, the level of VO2max should ideally be maintained
at a level between 70% and 80% of an individual’s VO2max, and the duration should
exceed 20 min in order to effectively boost the aerobic capacity [1]. From a practical view,
complex dance movements do not necessarily mean intensity but rather complexity. The
shortcoming of dance is that there is no methodology for developing aerobic capacity and
defined dance structures through which both intensity and duration are achieved. Thus,
aerobic endurance is maintained or even increased through multiple repetitions of dance
routines and choreography.

In the field of dance, assessing aerobic capacity using objective measures such as heart
rate monitors and ergometers is crucial for tailoring training programs at an individual
level [4]. Determining an individual’s cardiovascular and respiratory capabilities is impor-
tant for effectively managing the training load and focusing on achieving positive aerobic
outcomes during the preparatory period. However, evaluating ‘maximal’ aerobic levels
in dance presents challenges due to its non-competitive nature and the predetermined
intensity by a choreographer [6]. Traditional objective methods for assessing aerobic perfor-
mance, such as running- or cycling-based ergometers, are not well-suited for dance as they
are costly, difficult to administer, and do not replicate the intricate movements involved in
dance. Furthermore, dancers may experience biomechanical constraints during running
or walking, stemming from limited dorsiflexion movements in the ankle and the highly
developed turn out of the feet, leading to potential stress on the knee and hip joints [7].
When running, dancers often experience discomfort and pain in the shin area and uneven
force distribution between tendons, ligaments, and muscles (especially in the calf area),
leading to a higher risk of injuries or strain-related musculoskeletal problems [8]. To ad-
dress these limitations, previous studies have endeavored to develop on-field aerobic tests
specifically tailored for dance. A systematic review by Tiemens et al. [4] identified several
common cardiorespiratory fitness test protocols in dance, including the Aerobic Power
Index (API) [9], the Ballet-Specific Aerobic Fitness Test (B-DAFT) [10], the Dance Aerobic
Fitness Test (DAFT) [11], the High-Intensity Dance Performance Fitness Test (HIDT) [12],
and the Seifert Assessment of Functional Capacity for Dancers (SAFD) [13].

Although an effort has been made to adequately predict aerobic outcomes derived
from objective methods from dance-specific testing protocols [9–13], most previous studies
have correlated the VO2max and maximal heart rate (HRmax) from a single device [10,11].
Also, the agreement between correlation coefficients for the VO2max and associated fac-
tors ranged from −0.12 [13] to 0.91 [11], limiting the ‘true’ validity in dancesport athletes.
Finally, the available tests have been primarily developed for ballet or contemporary
dancers [10–13] at the individual level, while the validity properties in ballroom dance
couples engaging in standard dance styles have yet to be investigated. Ballet and contem-
porary dancers have different training routines and movement patterns compared to the
standard dance practitioners [14]. Also, ballet dancers have been shown to have an even
lower accumulated fat mass %, which often goes below 10%, while ballroom style dancers
tend to maintain their fat mass % between 10 and 20%, respectively [15]. Standard male and
female ballroom dancers tend to have higher average VO2max values [15], compared to
ballet or contemporary dancers [10,11]. This would imply that higher levels of the VO2max
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and peak heart rate (HRpeak) are generally needed to maintain performance at a high level
and to cope with training and competition demands [15]. From a sport-specific point of
view, ballroom dancesport athletes who come from modern dance typically develop aerobic
capacity and maximal performance at different rates, while athletes from other endurance
activities tend to increase their aerobic capacities linearly throughout their career [15]. On
the other hand, by comparing the maximal aerobic capacity of dancers to other endurance
sport athletes, the average VO2max is 48.0 mL * kg−1 * min−1, while it ranges between 55.0
and 77.0 mL * kg−1 * min−1 in swimmers, middle- and long-distance runners, rowers, and
triathlon athletes [1]. Interestingly, the VO2max in dancers is similar to sedentary behaviors
(≈44.0 mL * kg−1 * min−1), highlighting that the endurance in dancesport athletes is only
developed throughout dance routines, while the development-oriented endurance training
has yet to be investigated [1]. Thus, aerobic capacities and field-based tests in these athletes
cannot be generalized to other dance styles, due to different physiological profiles and
training/performance regimes during the preparatory and competition periods [1,4]. By
examining the regular training and performance by using a specific test to assess aerobic ca-
pacity, coaches and choreographers would be able to monitor and track both cardiovascular
and respiratory demands of different standard dance styles and could adjust the training
volume to tackle physiological enhancements.

Because of the shortcomings from previously developed and validated dance proto-
cols, the primary purpose of this study was to develop and validate a newly established
Ballroom Aerobic Test (BAT) protocol specifically designed for dance couples performing
in various standard dance styles. A secondary purpose was to establish the typical error of
measurement and Bland–Altman agreement between the protocols. Based on the available
evidence, we hypothesized that the BAT protocol would yield large to very large crite-
rion validity properties against treadmill-based methods (KF1 and Bruce protocols) for
measuring aerobic capacity.

2. Materials and Methods

2.1. Experimental Approach

In this study, a within subject test–retest sub-study was utilized to examine the validity
properties of the BAT in standard dancesport athletes. This study was part of a project
entitled ‘Construction and validation of a test protocol to assess aerobic capacity in dance-
sport athletes from standard dance styles.’ The project was divided into four segments
to examine (i) reliability and usefulness; (ii) validity; (iii) sensitivity; and (iv) pragmatic
validity of the BAT. For the purpose of this study, two standard progressive treadmill tests
(the KF1 and Bruce protocols) were assessed to determine aerobic capacity, followed by the
BAT protocol one week later. The testing procedure was initiated during the preparatory
period of dancesport athletes. Measurements were conducted by the same experienced
researcher to avoid possible measurement errors. During testing, the participants wore
their standard dance equipment (light T-shirt, tights, dance shoes). The air temperature
conditions of indoor facility and laboratory were controlled to be between 22 ◦C and 24 ◦C
with a humidity of ≈55%.

2.2. Study Participants

Through a public call between April 2025 and June 2025, a convenience sample of
twenty-four standard dancesport athletes (12 dance couples; age: 20.4 ± 3.9 years; height:
172.1 ± 8.7 cm; weight: 60.1 ± 9.4 kg) with 8.2 ± 3.4 years of training and competing
experience participated in the study. All participants were members of certified dance
clubs who competed at national and internation levels. The inclusion criteria to enter
the study were as follows: (i) being free from any kind of injury, acute or chronic illness,
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and disease, confirmed by a certified dance association doctor; (ii) age range between
16 and 35 years; and (iii) complete both measurements for validity properties of the BAT
protocol. The exclusion criteria included having dance experience < 5 years, suffering from
musculoskeletal or any other injury that precluded them from entering and completing the
testing procedures, being without a training partner, which could not mimic conditions
from competition, and not being able to complete the field- and laboratory-based protocols.
The a priori power analysis calculated by the G*Power software ver. 3.1.9.7 [16] showed that
by setting the input parameters of a two-tailed α < 0.05, a minimum required correlation
between the two methods at r > 0.69, and statistical power of 1 − β = 0.95, the required total
sample size was n = 16. Because of a possible drop-out rate, we enlarged the sample size
by 50% to n = 24. Before the study began, all participants had signed a written informed
consent form to participate in the study and to use data solely for scientific purposes.
All procedures in this study were anonymous and in accordance with the Declaration of
Helsinki [17]. The Ethical Committee of the Faculty of Kinesiology approved this study on
29 April 2020 (ethical code number: 77/2020).

2.3. The BAT Protocol

To assess the level of aerobic capacity of dancesport athletes, we constructed a field-
based BAT protocol. The protocol was standardized by 5 standard dance styles with
the following order: (i) English waltz; (ii) slow fox; (iii) tango; (iv) Viennese waltz;
and (v) quick step. Every dance style had multiple levels of dancing that were progres-
sively linked, where the speed of dancing (tempo) was defined by individual beats per
minute (bpm). The English waltz consisted of 6 levels, danced in 3/4 time in the range
of or 75–110 bpm. The slow fox included 5 levels, danced in 4/4 time in the range of
117–145 bpm. The tango had 5 levels, danced in 4/4 time in the range of 152–180 bpm.
The Viennese waltz was carried out through 3 levels, danced in 3/4 time in the range of
187–201 bpm. Finally, the quick step consisted of 6 levels, danced in 4/4 time in the range of
208–243 bpm. At each level, dance couples had to perform standard dance figures for 30 s
at a defined speed without the melody (Table 1), while the time was cumulatively summed
from the beginning of the BAT protocol. The speed expressed in beats progressively in-
creased throughout the protocol by 7 bpm. The initial speed of the dance protocol was set
at 75 bpm. Participants danced to a pre-defined dance tempo and rhythm by following
the metronome. The elements for each dance style were basic and easy to perform, with
the freedom of dance couples to create their own choreography. The duration of the BAT
protocol was cumulatively added up and each pair danced until exhaustion.

2.4. The MetaMax® 3B Outcomes

To examine the reliability properties of the BAT protocol, we used the MetaMax®

3B (CORTEX Biophysik GmbH, Leipzig, Germany), a reliable and valid portable breath-
by-breath ventilatory and metabolic measurement system specifically designed for field-
and laboratory-based testing [18]. The device was composed of two parts designed to
be worn on the chest. By using an electrochemical cell and an infrared analyzer, the
MetaMax® 3B was able to calculate O2 and CO2 concentrations based on standard metabolic
equations [19]. Based on manufacturer’s recommendations and previous studies [17], the
system was turned on for at least 20 min and calibrated prior to the testing. The calibration
process included adjusting the gas analyzers by using reference gas values of O2 (14.97%),
CO2 (4.96%), and N2 (±0.02%) and volume with a standardized 3 L syringe (5530 series,
Hans Rudolph, Inc., Kansas City, MO, USA). The MetaMax® 3B software generated data
regarding absolute (L * min−1) and relative VO2max (mL * kg−1 * min−1) and associated
variables including respiratory exchange ratio of CO2 produced to O2 consumed during
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metabolism (RER), expiratory ventilation as the total volume of air inhaled or exhaled per
min (VE; L * min−1), tidal volume as the volume inhaled or exhaled during a normal breath
(VT; L), ventilatory equivalent for O2 (VE/VO2) and CO2 (VE/VCO2) as determinants of
breathing efficiency, and dead space to tidal volume ratio (VD/VT), which indicated the air
that failed to participate in O2 and CO2 exchange process during breathing.

Table 1. The BAT dance protocol for every dance style.

Dance Styles Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6

English waltz

Beats 75 82 89 96 103 110

Time 30 s 60 s 1.5 min 2 min 2.5 min 3 min

Slow fox

Beats 117 124 131 138 145

Time 3.5 min 4.0 min 4.5 min 5.0 min 5.5 min

Tango

Beats 152 159 166 173 180

Time 6.0 min 6.5 min 7.0 min 7.5 min 8.0 min

Viennese waltz

Beats 187 194 201

Time 8.5 min 9.0 min 9.5 min

Quick step

Beats 208 215 222 229 236 243

Time 10.0 min 10.5 min 11.0 min 11.5 min 12.0 min 12.5 min
Time = cumulative time from BAT start.

The testing procedure indicated that both male and female dancers (one dance couple)
were simultaneously measured with the MetaMax® 3B in order to simulate conditions
from competitions in real-life settings. Although the order of trial was fixed, where dance
couples first had to be tested for the BAT protocol and 48h after with the KF1 and 72 h
after the KF1 protocol with the Bruce protocol in laboratory conditions, the possibility of a
learning effect was vastly diminished. Each dance couple was tested individually to other
dance couples for both field-and laboratory-based protocols. Also, they were told to keep
the dance protocols and procedures to themselves and not to unveil them to the next dance
couple. The BAT protocol was performed in an environment specific to dance, regarding
the floor and dance attire that needed to be worn, while the KF1 and Bruce protocols were
examined in laboratory conditions.

2.5. The KF1 and Bruce Testing Protocols

VO2max and associated ventilatory and metabolic parameters were assessed by a
breath-by-breath pulmonary gas exchange system (Quark b2, COSMED, Roma, Italy)
during an incremental treadmill test (KF1 and Bruce). KF1 is a standard test for the
assessment of aerobic and anaerobic energy capacity [20]. The starting speed of the KF1
was 3 km * h−1 at a slope of 1% (continuous) for a duration of 2 min, after which the speed
increased by 0.5 km * h−1 at the end of the third min and after that every 30 s until volitional
exhaustion. During recovery after each test protocol, the subjects walked at 5 km * h−1 for
3 min.
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In the Bruce protocol, the participants started exercising at a treadmill speed of
2.7 km * h−1 and an incline of 10% gradient for 3 min. Workloads (speed and inclina-
tion) were subsequently increased each 3 min period in a simultaneous way until volitional
exhaustion was reached [21]. Both protocols generated equal cardiorespiratory data as the
MetaMax® 3B, which were filtered and averaged on a 5 s basis.

2.6. Data Analysis

Shapiro–Wilk’s (S-W) test was used to assess data normality. Data were checked for the
critical W values, Q-Q plot inspection and the homogeneity of the variance was confirmed
using the Leven test. If a calculated W value was larger than tabulated W value, this denoted
that we did not reject the null hypothesis. All variables included in further analysis came
from a hypothetical normal distribution, so data were presented as means and standard
deviations (SDs) with 95% confidence interval limits (95% CI). To examine whether there
was a couple dependence present during the BAT protocol, we utilized a linear-mixed
effects model (LMM) with random intercept for couples and showed that there was no
dependence effect within each couple for VO2max, as our primary outcome of the study
(F = 1.533, p = 0.244). Differences between each protocol were examined with repeated
measures analysis of variance (RM ANOVA). The magnitude of the change between the two
measurements (the BAT protocol vs. KF1 and Bruce protocols) was examined with a stan-
dardized mean difference and the following effect sizes (ESs) proposed by Hopkins et al. [22]:
trivial (ES < 0.2), small (0.2 < ES < 0.5), moderate (0.5 < ES < 0.8), large (0.8 < ES < 1.6), and
very large (ES > 1.6). Degree of coherence between ventilatory and metabolic parameters
of the BAT protocol vs. KF1 and Bruce protocols was assessed using Pearson’s product–
moment correlation (r). Correlation values denoted association between variables and tests
as small (r = 0.1–0.3), moderate (r = 0.3–0.5), large (r = 0.5–0.7), very large (r = 0.7–0.9), and
almost perfect (r = 0.9–1.0) [23]. Since VO2max is considered as one of the most important
determinants of performance in dancesport athletes [1,4,5], a Bland–Altman plot was cre-
ated to present a graphical visualization of the agreement between the BAT and KF1/Bruce
protocols for relative VO2max. In brief, the difference between the BAT and KF1 (BAT and
Bruce) protocol was calculated on the y-axis, while the average of the two measurements
was presented on the x-axis. To be able to determine the mean difference ideally close to (0)
and the upper and lower limits of agreement (±1.96 SD), we created three horizontal lines.
Based on data representation, we were able to (i) determine visual agreement between the
two methods; (ii) identify possible bias where the mean difference was significantly different
from 0; (iii) assess the presence of magnitude of random error; and (iv) establish the limits
of agreement to confirm whether the differences between the two methods were clinically
meaningful [24]. Finally, we calculated Lin’s concordance coefficient of correlation (ρc), an
analysis which tests both precision and accuracy of bivariate pairs of observations relative
to a ‘gold standard’ or another set of data. According to Altman [25], the cut-off points
for ‘poor’ vs. ‘excellent’ agreement were <0.20 and >0.80. In addition, a Passing–Bablok
regression analysis was considered as a non-parametric technique for comparing the BAT
with the KF1 and Bruce protocols to observe a potential error in both measurements [26].
All statistical analyses were performed in SPSS v27.0 software (IBM, Armonk, NY, USA),
with an alpha level set a priori at p < 0.05 to denote statistical significance.

3. Results

3.1. Primary Outcomes

According to the objective termination criteria of an RER ≥ 1.10, of the 24 participants,
the proportion of the participants who reached this cut-off was 20.8% for the BAT protocol
and 45.8% and 37.5% for the KF1 and Bruce protocols. Basic descriptive statistics of the
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study participants are presented in Table 2. No significant differences between the KF1 and
BAT nor between the Bruce and BAT protocols were observed for the absolute VO2max
(F1,3 = 0.206; p = 0.816; η2

p = 0.02) and relative VO2max (F1,3 = 1.502; p = 0.245; η2
p = 0.12),

RER (F1,3 = 2.272; p = 0.094; η2
p = 0.24), VE (F1,3 = 1.956; p = 0.165; η2

p = 0.15), VT (F1,3 = 2.833;
p = 0.065; η2

p = 0.31), VE/VO2 (F1,3 = 2.514; p = 0.104; η2
p = 0.19) and VE/VCO2 (F1,3 = 2.737;

p = 0.087; η2
p = 0.20), and VD/VT (F1,3 = 2.878; p = 0.078; η2

p = 0.21). ESs showed trivial to
small changes. Large to very large correlations were calculated between the KF1 and BAT
protocols for absolute VO2max (r = 0.88; 95% CI = 0.75–0.95; p < 0.001) and relative VO2max
(r = 0.88; 95% CI = 0.76–0.95; p < 0.001), RER (r = 0.78; 95% CI = 0.59–0.90; p < 0.001), VE
(r = 0.86; 95% CI = 0.62–0.96; p < 0.001), VT (r = 0.75; 95% CI = 0.57–0.87; p < 0.001), VE/VO2

(r = 0.81; 95% CI = 0.55–0.91; p < 0.001) and VE/VCO2 (r = 0.78; 95% CI = 0.65–0.94; p < 0.001),
and VD/VT (r = 0.70; 95% CI = 0.40–0.87; p < 0.001). Large to very large correlations were
obtained between the Bruce and BAT protocols for absolute VO2max (r = 0.87; 95% CI = 0.72–
0.95; p < 0.001) and relative VO2max (r = 0.85; 95% CI = 0.71–0.93; p < 0.001), RER (r = 0.76;
95% CI = 0.50–0.91; p < 0.001), VE (r = 0.79; 95% CI = 0.50–0.94; p < 0.001), VT (r = 0.83; 95%
CI = 0.71–0.91; p < 0.001), VE/VO2 (r = 0.80; 95% CI = 0.64–0.92; p < 0.001) and VE/VCO2

(r = 0.82; 95% CI = 0.75–0.94; p < 0.001), and VD/VT (r = 0.74; 95% CI = 0.44–0.89; p < 0.001).

Table 2. Basic descriptive statistics, mean difference (diff.), and ES between the BAT protocol against
the KF1 and Bruce protocols.

Study Variables KF1 Bruce BAT Absolute Diff. (95% CI) Relative Diff. (%) ES

Mean ± SD Mean ± SD Mean ± SD KF1–BAT Bruce–BAT
KF1–
BAT

Bruce–
BAT

KF1–
BAT

Bruce–
BAT

Absolute VO2

(L * min−1)
3.05 ± 0.74 3.05 ± 0.75 3.00 ± 0.65 −0.05

(−0.19–0.10)
−0.05

(−0.20–0.11) 1.64% 1.64% 0.07
(trivial)

0.07
(trivial)

Relative VO2

(mL * kg−1 * min−1)
50.92 ± 7.47 49.98 ± 7.55 50.21 ± 5.96 −0.71

(−2.24–0.83)
0.23

(−1.47–1.93) 1.39% 0.46% 0.11
(trivial)

0.03
(trivial)

RER 1.09 ± 0.05 1.08 ± 0.04 1.07 ± 0.06 −0.02
(−0.03–0.02)

−0.01
(−0.02–0.02) 1.83% 0.93% 0.36

(small)
0.20

(small)

VE
(L * min−1)

110.21 ± 28.43 110.43 ± 28.75 104.20 ± 26.37 −6.01
(−12.22–0.20)

−6.23
(−13.83–1.37) 5.45% 5.64% 0.22

(small)
0.23

(small)

VT
(L)

1.93 ± 0.42 1.98 ± 0.54 1.77 ± 0.36 −0.16
(−0.28–−0.04)

−0.22
(−0.54–−0.28) 8.29% 11.11% 0.41

(small)
0.46

(small)

VE/VO2 33.65 ± 3.82 33.85 ± 3.46 32.93 ± 2.93 −0.71
(−1.67–0.24)

−0.91
(−1.78–0.04) 2.11% 2.69% 0.21

(small)
0.29

(small)

VE/VCO2 30.90 ± 3.83 30.16 ± 2.67 31.04 ± 3.51 0.14
(−0.89–1.17)

0.88
(−0.03–1.73) 0.45% 2.92% 0.04

(trivial)
0.28

(small)

VD/VT 0.15 ± 0.03 0.14 ± 0.03 0.15 ± 0.02 0.003
(−0.005–0.01)

0.009
(−0.001–0.02) 2.00% 6.43% 0.01

(trivial)
0.39

(small)

Lin’s analysis indicated an excellent concordance between the KF1 and BAT protocols
for the absolute VO2max (ρc = 0.93; 95% CI = 0.84–0.97) and relative VO2max (ρc = 0.92;
95% CI = 0.82–0.97), RER (ρc = 0.86; 95% CI = 0.68–0.94), VE (ρc = 0.92; 95% CI = 0.82–0.97),
VT (ρc = 0.85; 95% CI = 0.66–0.94), VE/VO2 (ρc = 0.88; 95% CI = 0.71–0.95) and VE/VCO2

(ρc = 0.88; 95% CI = 0.71–0.95), and VD/VT (ρc = 0.81; 95% CI = 0.57–0.92). Similarly,
the data showed an excellent concordance between the Bruce and BAT protocols for the
absolute VO2max (ρc = 0.93; 95% CI = 0.83–0.97) and relative VO2max (ρc = 0.90; 95%
CI = 0.78–0.96), RER (ρc = 0.83; 95% CI = 0.62–0.93), VE (ρc = 0.88; 95% CI = 0.73–0.95), VT
(ρc = 0.87; 95% CI = 0.70–0.94), VE/VO2 (ρc = 0.89; 95% CI = 0.73–0.95) and VE/VCO2

(ρc = 0.88; 95% CI = 0.73–0.95), and VD/VT (ρc = 0.84; 95% CI = 0.63–0.93).

3.2. Secondary Outcomes

Figure 1 shows the Bland–Altman scatterplot of the VO2max agreement between the
BAT and KF1 protocols. The mean difference between the two methods yielded a value of
−0.71, indicating no measurement bias (p > 0.05). Although a negative linear trend was
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observed, a linear regression analysis showed no potential proportional bias (β = −0.24;
95% CI −0.46–0.02; p = 0.066), with a standard error for the estimate (SEE) of 3.36 mL *
kg−1 * min−1. The linear regression equation to predict the relative VO2max from the KF1
protocol was as follows: VO2maxKF1 (mL * kg−1 * min−1) = −4.305 + (1.100 * VO2maxBAT)
(R2 = 0.77; p < 0.001). The slope coefficient between the BAT and KF1 protocols was b
= 1.625 with a 95% CI (0.90, 2.25), while the intercept coefficient was a = −18.43 with a
95% confidence interval (−64.65, 42.13). According to Passing and Bablok [26], if one was
included in the CI for the slope and zero was included for the intercept, the BAT procedure
yielded similar measurements to the KF1 procedure.

Figure 1. Bland–Altman plot of differences between the BAT and KF1 protocols (y-axis) and the
average of the two measurements (x-axis) for relative VO2max.

The Bland–Altman scatterplot of the VO2max agreement between the BAT and Bruce
protocols is presented in Figure 2. The mean difference between the two methods yielded
a value of 0.23, indicating no measurement bias (p > 0.05). Similarly to the BAT-KF1, a
negative linear trend between the BAT and Bruce protocols was observed; however, no
potential proportional bias was shown (β = −0.26; 95% CI −0.51–0.15; p = 0.087). The
generated SEE of the VO2max was 3.75 mL * kg−1 * min−1. Similarly to the KF1 protocol,
the linear regression equation to predict the relative VO2max from the Bruce protocol was
as follows: VO2maxBRUCE (mL * kg−1 * min−1) = −3.996 + (1.075 * VO2maxBAT) (R2 = 0.72;
p < 0.001). The slope coefficient between the BAT and KF1 protocols was b = 1.10 with a
95% CI (0.80, 1.30), while the intercept coefficient was a = −1.05 with a 95% confidence
interval (−10.17, 9.90), indicating that the BAT protocol yielded similar measurements to
the Bruce protocol.

146



Sports 2025, 13, 337

Figure 2. Bland–Altman plot of differences between the BAT and Bruce protocols (y-axis) and the
average of the two measurements (x-axis) for relative VO2max.

4. Discussion

The main purpose of this study was to develop and examine the criterion validity
and Bland–Altman agreement of the BAT protocol against the KF1 and Bruce laboratory
protocols in dancesport athletes performing in standard dance styles. Findings suggest
that the ventilatory and metabolic parameters derived from the MetaMax® 3B portable gas
analyzer during the BAT protocol correlate as large to very large with the KF1 and Bruce
aerobic outcomes. The level of agreement calculated from the Bland–Altman plots for the
relative VO2max shows no systematic nor proportional biases between the two methods
with the SEE of 3.36 mL * kg−1 * min−1 (KF1) and 3.75 mL * kg−1 * min−1 (Bruce).

To the best of the authors’ knowledge, this is the first study examining the develop-
ment and validity of a progressive test to assess aerobic capacity in standard dancesport
athletes. Our results should be interpreted in light of previous studies. To date, several
progressive field-based tests to assess the level of aerobic capacity in dance have been
proposed and validated against more objective methods. For example, a study by Wall-
mann et al. [9] showed that the API submaximal exercise fitness test correlated well with
the VO2max (r = 0.89 and 0.90), with a technical error of measurement (TEM) of a power
output = 0.07 W * kg−1 and VO2max = 0.71 mL * kg−1min−1. Another dance protocol de-
signed for ballet dancers indicated that the mean squared root (sw

2) for the test was 5.01,
with a SEE of 6.20 mL * kg−1min−1 [10]. One of the most common fitness protocols to
examine aerobic capacity is the DAFT, a five-stage 4 min progressive test [10]. In a study
by Wyon et al. [11], data generated from the portable telemetric gas analyzer (Cosmed
K4 b2, Italy) indicated that the HRmax and VO2max correlated very strongly for the test
(r = 0.91; SEE = 5.60 b * min−1). Similar observations were noted for the HIDT dance proto-
col, where five participants (n = 5) undertook both the treadmill and dance tests to estimate
the VO2max [12]. During the treadmill protocol, the mean VO2max was 46.40 ± 3.60
mL * kg−1min−1, and during the HIDT, the VO2max value was 51.00 ± 6.60 mL * kg−1min−1.
A pairwise comparison between the treadmill and dance protocols showed no significant
differences in VO2max (p = 0.100) [12]. The same study also showed that the mean % of the
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HRmax was significantly lower in the HIDT compared to the treadmill test (97.50 vs. 101.00%,
p = 0.020), while the validity of blood lactate values were high (HIDT = 6.10 ± 1.90 mmol*L−1

vs. treadmill = 6.30 ± 1.70 mmol * L−1, p = 0.860) [12]. The most recent SAFD test to evaluate
the functional capacity of collegiate dancers revealed large to very large correlations with the
peak treadmill test for the relative VO2max (r = 0.78), HRmax (r = 0.85), blood lactate (r =
0.72), and rate of perceived exertion (RPE; r = 0.84), while trivial to moderate correlations
were found for time (r = 0.60) and the RER (r = −0.12) [13].

Although the existing progressive dance protocols to assess aerobic capacity exhibited
satisfactory validity properties against objective measures [9–13], our newly developed
BAT protocol yielded high agreements with the treadmill test following two protocols
(KF1 and Bruce). The incremental difference and the novelty between our and other dance
protocols lies in the fact that it is specifically designed for dance couples who engage in
standard dance styles. This is very important, because both individuals need to cope
with each other during the rehearsal/training or competition. This would suggest that
their aerobic capacity needs to be at equal level in order to keep up with the partner.
Despite the fact that the VO2max tends to be low in dancesport athletes, compared to other
athletes [4–6], the intention of the BAT protocol is to enhance the aerobic system and to
physiologically prepare for stress during training and/or performance. Dance movements
in standard dance styles are often characterized by sway components and the interplay
between rises and falls, which are considered key elements for preserving or increasing
functional performance in competitive dancesport athletes [27]. Moreover, the complexity
of figures and faster pace during training and competition in standard dance styles is
not comparable to ballet or contemporary dance styles, where the movements are often
performed in static conditions, emphasizing esthetic rather than functional components
of dance. Therefore, the BAT protocol can serve as an avenue for screening and tracking
aerobic capacity within the narrow niche of standard style dance athletes.

The practical application of the BAT protocol is reflected in the development of a
completely new model for measuring aerobic capacity and an algorithm for estimating
the VO2max in standard dances under the conditions of the sport-specific activity. This
enables a realistic assessment of physical and energy loads specific to the activity, in
comparison with the existing tests for assessing aerobic capacity. Since standard dance
styles have been often categorized as high-intensity physical activities that need aerobic
and anaerobic energy systems to perform [28], the newly established dance protocol would
be able to increase aerobic capacity and to optimize dance training. Indeed, correct and
timely diagnostic procedures for measuring and/or assessing energy capacities in dance
are needed to achieve primary goals and positive trends towards sports success [1,4].

This study is not without limitations. First, a cross-sectional design prevents us from
confirming a causal relationship between field- and laboratory-based testing protocols
for assessing aerobic capacity. Second, we did not include the HRmax nor blood lactate
parameters as indicators of aerobic and anaerobic capacities, limiting our findings to data
generated from the MetaMax® 3B and treadmill devices. Previous studies have shown
a strong relationship between HRmax and VO2max [10,11] and adequate sensitivity in
HRmax and blood lactate changes following the dance protocol [13]. Third, a relatively
small sample size might have underpowered the validity properties of the BAT protocol.
Although we performed a sample size calculation (for more information, please see the
‘Study Participants’ section), we cannot exclude the lack of statistical power. Fourth, we
failed to examine the rate of perceived exertion (RPE) and collect blood samples for lactate
concentrations following the BAT, KF1, and Bruce protocols. These physiological measures
have been constantly used as potential markers for determining fatigue and should be
considered in further research in dancesport athletes. Fifth, the BAT protocol was measured
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with the MetaMax® 3B, while the treadmill tests used COSMED Quark b2. The difference
in devices could introduce systematic errors independent of the protocol. Finally, the
BAT protocol was not cross-validated in other athletes from different dance styles (ballet,
contemporary, or Latin American), limiting its applicability. Nevertheless, the authors
suggest that the BAT protocol is a valid training and performance tool for measuring
aerobic capacity and associated factors in dancesport athletes from standard dance styles.

5. Conclusions

In summary, this study shows that the BAT protocol has a strong to excellent cri-
terion validity against the KF1 and Bruce protocols. Also, the Bland–Altman analysis
indicated that the SEE for the KF1 and Bruce protocols against the BAT protocol was
3.36 mL * kg−1 * min−1 and 3.75 mL * kg−1 * min−1. The advantage of the BAT protocol
is that it simulates classical movements from five dance styles and mimics competition
conditions. The current findings have provided evidence of its validity properties and po-
tential guidelines for monitoring and tracking ventilatory and metabolic parameter changes
under different training conditions. The authors suggest that this test can be implemented
within the dance training program in preparatory and competitive periods, as it gives
important and valid information about the agreement between field and laboratory aerobic
performance variables among standard dancesport athletes.
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Abstract: Paddler athletes use resistance training (RT) to optimize power output (PO)
during competitions. Understanding the power–load relationship (P–Lr) is essential for
effective RT prescription. Moreover, the push-to-pull ratio (PU/PR)—the one-repetition
maximum (1RM) of a pulling exercise divided by the one of a pushing exercise—has been
suggested as a metric associated with sprint kayak performance. This study aimed to
describe P–Lr in three guided exercises (bench press (BP), ballistic bench press (BBP), and
prone bench pull (PBP)), along with PU/PR in international-level canoeing and kayaking
athletes. Nine male athletes (21.0 ± 1.5 years) were monitored during two sessions of an
incremental testing protocol. Load ranged from 30 to 100 kg in BP, 30 to 95 kg in PBP,
and 20 to 60 kg in BBP. Instantaneous displacement was measured using a linear position
transducer, and PO was computed for each repetition and exercise. PU/PR was calculated
upon PBP and BP. A two-way repeated-measures ANOVA was used to explore differences
among exercises and relative load from 20% to 90% 1RM. PBP displayed a higher PO
between 40% and 90% 1RM compared to BP and BBP), while no statistical difference was
found between BP and BBP at any relative load. Additionally, mean PU/PR resulted 0.96.
This study provides preliminary values regarding P–Lr and PU/PR in elite paddlers, which
may assist in designing training programs for those targeting major competitions.

Keywords: resistance training; velocity-based training; paddle sport; linear encoder

1. Introduction

Canoe and kayak flat water competitions can vary between an effort of approximately
thirty seconds (200 m sprint races) and 1 h 45 min (20 km marathon races). Even if athletes
specialize either in short or long races, they must have, at the same time, a high level of
maximal strength, power output (PO) and muscular endurance [1–4]. The PO is necessary
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for a successful outcome; in fact, a recent investigation found that international medal-
winning canoe sprinters have a slightly higher PO than their non-trophy counterparts in
resistance training (RT) exercises [3].

Power–load relationship (P–Lr) is a curve that, for a given subject, associates a value
of PO (W) to any load (Kg) of a lifting exercise, showing a unimodal, bell-shaped trend [5].
It differs between the type of exercise (i.e., upper or lower-body) [6–9], gender [10], and
age [11]. Measuring P–Lr is essential for trainers to prescribe PO-oriented training to
improve a specific part of the competition. For example, knowing that kayak paddlers
during a 2 min kayak ergometer test show a maximum PO during an all-out start of
747 ± 151 W and an average 2 min PO of 348 ± 47 W [12], coaches can prescribe a load of
a specific resistance training exercise that mimics these PO to further improve them.

The RT sessions of canoeists and kayakers’ athletes frequently involve bench press
(BP), prone bench pull (PBP), and ballistic bench press (BBP). Even if such exercises have
been previously used to study P–Lr in other populations of athletes [13,14], to the best of
our knowledge, no studies have utilized this paradigm to investigate P–Lr in elite canoeists
and kayakers.

Moreover, in paddle sports, the push-to-pull ratio (PU/PR) obtained by dividing the
1RM of bench pull or weighted chin-up (PU) against the 1RM of bench press (PR) or similar
exercises is a valuable information. Indeed, previous studies in sub-elite male kayakers have
reported that, during a three-year longitudinal monitoring, improvements in all-out sprint
kayak performance over 200 m and 500 m distances were observed alongside the approach
and stabilization of the PU/PR at around 1.3 [4,15]. Therefore, the authors proposed it as a
reference value for ameliorating paddling sprint performance (i.e., achieving a shorter time
to complete the race) [4,15]. However, despite this valuable information, data regarding
PU/PR in international-level medalist kayakers has not been previously analyzed.

The main goal of this work is to describe the P–Lr between 20% and 90% one-repetition
maximum (1RM) in the guided BP, guided BBP, and guided PBP in international kayakers
and canoeists. The secondary aim is to compare these relationships between exercise types,
and the tertiary objective is to investigate the PU/PR ratio. We hypothesize that PO on
PBP is superior to pushing exercises, that there is no difference in P–Lr between BBP and
BP, and that PU/PR on canoeists and kayakers is around 1.3. To achieve these goals, we
applied an incremental protocol, over two complementary testing sessions, investigating
PO from an absolute load of 30 kg to 100 kg in BP, from 30 kg to 95 kg in PBP, and from
20 kg to 60 kg in BBP, in a group of international medal-winning athletes.

2. Materials and Methods

2.1. Study Design

The research is an observational pilot study design.

2.2. Participants

A total of 9 athletes (all males, mean ± SD; age: 21.0 ± 1.5 years; weight: 80.3 ± 4.8 kg;
height: 183.3 ± 4.6 cm; kayak/canoe training experience: 8.8 ± 2.6 years; resistance train-
ing experience: 5.7 ± 1.9 years) completed the experimental sessions. All subjects were
international medal-winning kayakers and canoeists specializing in sprint–endurance com-
petitions (200 m–5000 m) who participated in the 2020 European Championship (October
2020, Poznan). The sample of kayakers consisted of national team members who secured
4 gold, 5 silver, 4 bronze medals, and multiple Final A placements (the final heat deter-
mining podium positions) at U23 World or European Championships over their careers.
Their weekly training volume consisted of 2 to 3 resistance training sessions and 4 to
5 kayak training sessions conducted both on (kayak) and off-water (paddle ergometer).
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Each training session typically lasted between 60 and 120 min. Additionally, the values of
maximum oxygen consumption, lactatemia response, and power output of eight athletes
of this cohort, evaluated during a specific, off-water incremental test until exhaustion, can
be appreciated elsewhere [16]. Participants were free from physical limitations, health
problems, or musculoskeletal injuries that could negatively impact performance and the
full range of motion in BP, BBP, and PBP. Participants were required to abstain from alcohol
and exercise for 48 h before all experimental trials. After an exhaustive explanation of the
aim of the research, risks, and benefits, all the volunteers have read and signed an informed
consent form. The research protocol was approved by the Sport and Physical Education
Ethics Committee of the University of Novi Sad, Serbia (n◦47-06-02/2021-3). Data and
sensible information were protected by the General Data Protecting Regulation (GDPR).

2.3. Procedure
2.3.1. Warm-Up Protocol

Each session began with a 5 min warm-up on the kayak ergometer at an intensity
between 68% and 72% of the heart rate maximum, which was previously measured during
an all-out water test. Then, athletes performed 3 sets of 10 repetitions on dumbbell chest
press and the exact same amount on bodyweight push-up, and 5 min of self-selected upper
mobility exercises. Overall, the warm-up procedure lasted 20 min, and the incremental
protocol followed in the order BP, BBP, PBP.

2.3.2. Incremental Protocol

Due to the high number of repetitions required, the study was conducted in two
days, 48 hours apart, at the same time of the day. The incremental protocol comprised two
complementary testing sessions, termed Test 1 (T1) and Test 2 (T2), that, when combined,
allowed to obtain P–Lr. On T1, the starting absolute load was set at 30 kg for PBP and
BP, while at 20 kg for BBP. On T2, it was set at 35 kg for PBP and BP and at 25 kg for
BBP. Subsequently, on each testing day, the load was increased by 10 kg at every set until
reaching, on T1, an absolute ending load of 90 kg for PBP, 100 kg for BP, and 60 kg for BBP,
or until subjects reached their 1RM if it was below this arbitrary weight. On T2, the end
of the incremental test was set at 95 kg for PBP, 95 kg for BP, and 55 kg for BBP, or again,
if 1RM was reached directly. Regarding sets and repetitions, in the PBP and BP testing:
five repetitions with lighter loads (≤55 kg), three repetitions with medium loads (60 kg
and 65 kg), and a set consisting of a single repetition for heavier loads (≥70 kg) were used.
In contrast, a single effort was monitored in the BBP due to the high repeatability of the
exercise [17]. For the subsequent analysis, we considered the highest mean value for each
load of T1 and T2 when more than one repetition was performed (e.g., loads ≤ 65 kg in
BP and PBP). Conversely, when only a single repetition was performed (i.e., loads ≥ 70 kg
for BP and PBP, and ≥20 kg for BBP), we considered the single value at each load for both
T1 and T2. Regarding recovery, in BP, BBP, and PBP the inter-sets rest period was fixed
at five minutes [18]. Passive rest between exercises was established at 15 min to allow a
complete recovery.

2.3.3. One Repetition Maximum

The direct achievement of 1RM was possible in 2 athletes regarding BP, and 4 on PBP;
for the others, it was indirectly estimated through the load–velocity relationship (L–Vr) [19].
Specifically, a linear regression was fitted to the velocity V–LrBP experimentally recorded
values considering a minimum velocity (V1RM) of 0.15 m/s to estimate 1RM in BP. In
contrast, the same function, including V–LrPBP and a V1RM of 0.45 m/s, was used for PBP.
The 1RM for BBP press was set at 80% of the maximum weight lifted in BP [20].
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2.3.4. Calculation of the Standardized Relative Load

Once the 1RM had been directly or indirectly achieved, standardized absolute load
[kg] from 20% to 90% 1RM at each 10% interval was extrapolated.

2.3.5. Calculation of the Power Output at a Standardized Relative Load

Once the absolute load [kg] was extrapolated at the standardized percentage of 1RM,
PO was indirectly calculated based on the work (W) performed during each movement
and its execution time as PO = W/Δt where W = m × g × Δh, m represents mass in Kg, g is
gravitational acceleration constant 9.8 m/s2, Δt is the execution time and Δh is the vertical
displacement. The overall P–Lr curve was then found using the individual data and the
P–Lr polynomial equation for data interpolation:

PO(m) = a*m2 + b*m + c

where PO indicates power in Watts. The values for the a, b, and c parameters were estimated
by interpolation of the experimental data through the appropriate Microsoft Excel function.
An example of such analysis for one representative subject is shown in Figure 1.

Figure 1. Example of data analysis and computation of the Power–Load relationship by interpolation
of the experimental data.

2.4. Exercises

Guided eccentric–concentric bench press and ballistic bench press. BP and BBP were
performed on a Smith Machine (Multipower®, Technogym®, Cesena, Italy). Repetitions
began with a rapid but controlled eccentric movement, immediately followed by a straight
explosive vertical push. In BP, all the repetitions of the sets were performed continuously
without intra-set rest. In BBP, the athlete had to let go of the barbell after each repetition.

Guided concentric-only prone bench pull. On the same Smith Machine (Multipower®,
Technogym®, Cesena, Italy), PBP was built using two commercial wooden plyometric

154



Sports 2025, 13, 191

boxes of 76.2 cm (30 inch) (Lacertosus®, Parma, Italy) as bases, and a bench (thickness
of 8 cm) was then placed on them. The bench was raised by another 20 cm to let each
subject start with the arms extended during the pulling movement. Even at the lowest
load, the sets were performed as a sum of single repetitions inserting a self-paced pause of
approximately 2 s to eliminate the contribution of the rebound effect.

2.5. Instrumentation

A linear position transducer (LPT) (MuscleLabTM, Model 4000e, Ergotest Technology,
Bjønnveien, Norway) with a sampling frequency of 200 Hz was used for data collection, as
previously carried out in similar research [3,21], to determine instantaneous displacement
during the concentric phase of the lift. Mean velocity (m/s) and mean PO (W) were
computed from these data.

2.6. Statistical Analysis

Data were summarized by the mean and standard deviation (sd). We applied a
two-way repeated-measures ANOVA to explore differences among different exercises
and relative load from 20% to 90% 1RM. For ANOVAs, Mauchly’s sphericity test was
performed, and where this assumption was violated, Greenhouse Geisser adjustments were
used. Bonferroni correction for multiple comparisons was applied. Effect sizes (Cohen’s d)
were calculated to quantify the magnitude of differences in mean PO between exercises
at various %1RM. Statistical significance level was set at p < 0.05, analysis was performed
using STATA16 (StataCorp LLC, College Station, TX, USA). Of note, due to the small sample
size, the results of the statistical analyses should be considered solely for descriptive and
not inferential purposes.

3. Results

3.1. Performance Characteristics of the Sample

The subjects’ average 1RM in BP, PBP and BBP was, respectively: 99.2 ± 11.1 kg,
95.1 ± 10.1 kg, and 79.3 ± 8.8 kg. Related to their average body weight (BW), 1RM was,
respectively: 1.2 ± 0.1 kg−1, 1.2 ± 0.2 kg−1, and 1.0 ± 0.1 kg−1. Overall, PU/PR was 0.96.

3.2. Power–Load Relationship
3.2.1. Between Exercises

Overall, PBP shows the greatest values of PO compared to BP and BBP from the relative
load of 40% to 90% 1RM. In contrast, amongst BP and BBP, no significant difference at any
relative load was found. Post hoc analysis shows that the relative load that maximizes PO
differs between exercises; 60% 1RM for PBP, 50% 1RM for BBP and 40% for BP; while the
minimum PO’s relative load is 20% 1RM for PBP and 90% 1RM for BBP and PB (Figure 2,
Table 1). The magnitude of differences in mean PO between exercises at various %1RM is
reported in Table 2.
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Figure 2. Individual values of power output for each of the three exercises, along with the average
power output across the different exercises.

Table 2. Cohen’s d Effect Sizes for mean power output across different %1RM in prone bench pull,
bench press, and ballistic bench press.

Exercise
Percentage of One Repetition Maximum

20% 30% 40% 50% 60% 70% 80% 90%

PBP vs. BP −0.36 0.52 1.08 1.52 2.01 2.73 4.12 5.64
PBP vs. BBP 1.05 1.27 1.36 1.57 1.98 2.62 3.22 5.56
BP vs. BBP 1.50 0.53 0.05 −0.17 −0.25 −0.16 0.09 1.09

PBP—prone bench pull; BP—bench press; BBP—ballistic bench press.

Figure 2 reports the individual and mean power output for the following exercises:
Panel A, Prone Bench Pull; Panel B, Bench Press; Panel C, Ballistic Bench Press. Different
individuals are represented with distinct symbols within the same Panel, but are constant
between Panels; the black marked line of Panels A, B, and C represents the average power
output. Finally, in Panel D, a graphical comparison of the mean power output across the
three exercises is available. 1RM—One repetition maximum; %—Percentage; PO—power
output; W—Watts.

3.2.2. Within Exercises

Within each exercise, the PO was not statistically different from 40% to 80% 1RM in
PBP, from 40% to 60% 1RM in BBP, and from 20% to 60% in BP (Table 1).
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4. Discussion

To our knowledge, this study is the first to describe P–Lr from 20% to 90% 1RM in BP,
BBP, and PBP in international medal-winning canoeists and kayakers. The main finding is
that P–Lr differs between PBP, BP and BBP, with the highest PO in PBP compared to BP
and BBP.

4.1. Pull-to-Push Ratio

Our sample shows an overall PU/PR of 0.96, which, if compared with the investigation
of McKean and Burkett in sub-elite kayakers (2010, 2014) could be considered low. Indeed,
the cited studies found that improvements in all-out sprint kayak performance were
correlated with the PU/PR ratio approaching 1.3 during three-year longitudinal monitoring.
However, compared to the present study, some methodological differences about the
modality of PU/PR investigation emerge. In fact, in these investigations [4,15], it was
obtained by dividing the maximum weight lifted during a chin-up (plus body mass)
versus 1RM in BP, while our study divided the 1RM in PBP versus 1RM in BP. Such a
discrepancy may explain the different results, since, although the chin-up is a pulling
exercise, the primary muscles involved act at different joint positions compared to the
PBP. This hypothesis would be confirmed by observing results obtained in studies which
utilized our same exercises, reporting similar PU/PR values: equal to 1.0 [22,23] or 0.92 [2].

Another difference could be attributed to the composition of our sample, which
included kayakers specialized in sprint and endurance disciplines (i.e., kayak marathon),
whereas the cited studies focused exclusively on sprint specialists. Therefore, it seems
that a high PU/PR could be appropriate for sprint events, where explosive upper-body
strength is critical, while in longer distances, other factors such as endurance, may play a
more significant role in performance, thus reducing the overall PU/PR. However, further
research is needed to determine the most effective method for calculating the PU/PR ratio
through exercise and to identify discipline-specific reference values.

4.2. Power–Load Relationship
4.2.1. Power–Load Relationship Between Exercises

The greatest values of PO in the PBP than those observed for BP and BBP, from 40%
to 90% 1RM are in line with previous investigations [13,24]. This finding may reflect the
sport-specific demands placed on this type of athlete. Indeed, kayakers and canoeists rely
heavily on pulling motions to generate propulsion, as outlined as one of the most important
characteristics of paddlers by coaches of this discipline [25]. This could contribute to greater
PO development in pulling exercises like the PBP as opposed to pushing tasks such as
the BP. Similarities with other studies could be explained by the fact that Sánchez-Medina
et al. (2014) recruited strength-trained athletes mainly from combat sports (judo and
wrestling) [13], and Pearson et al. (2009) a group of sailors [24], both activities that require
a strong pull, the first to immobilize the opponent, while the second to pulling ropes to
control the sails. Moreover, the difference in the PO between pushing and pulling exercises
might also derive from different mechanical advantages during execution; indeed, we
know that BP, unlike PBP, has a sticking point that could be up to half of the concentric
effort [13]. Finally, no statistically relevant difference was found between BP and BBP in
the P–Lr as assumed.

4.2.2. Power–Load Relationship Within Exercises

In PBP, the maximum PO was found at 60% 1RM, with non-significantly different
values between 40 and 80% 1RM. This result slightly differs from previous research that
observed the maximum at 78.6 ± 5.7% 1RM without distinction between 60 and 100%
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1RM [24] or at 70 ± 4% without difference in the range 50–90% 1RM [13]. This difference
may be attributed to the fact that, the strength-trained athletes in Sánchez-Medina et al.
(2014) may have been able to optimize their annual training specifically to enhance PO and
strength in pulling exercises [13]. In contrast, international-level kayakers typically engage
in twice as many on- and off-water sessions compared to resistance training sessions,
potentially limiting the extent of PO adaptations due to reduced RT volume. In contrast,
the entire P–Lr is consistent with that measured in elite rowers [21]. Maximum PO is
comparable to those of a Spanish Olympic rowing championship team [21]; however,
from the overall P–Lr, we assume that the Spanish team trains more with a heavy relative
load than our sample because their maximum PO was attained near 75% 1RM. Indeed,
training with a high percentage of 1RM shifts the bell-shape P–Lr to the right [26]. This
difference could be partially explained by the relatively lower competitive level of our
sample. Although all participants were international-level medalists, none had competed
in the Olympic Games. Consequently, they lacked access to the training volume, recovery
strategies, and support systems typically available to Olympic-level athletes, who may
have modestly limited their overall physical conditioning and adaptations.

In BP, the highest PO occurred at 40% 1RM and was not significantly different from the
values reported between 20% and 60% of 1RM. This result slightly differs from previously
published data in a cohort of strength-trained athletes, primarily from combat sports such
as judo and wrestling, that found the maximum PO at 56 ± 2%, without differences from
40% to 70% 1RM [13]. We hypothesize that the athletes in our research use lighter loads on
the bench press than the cited sample because the pushing exercise is not the primary goal
in paddle sports. Indeed, training with a lighter relative load shifts the P–Lr to the left with
the expected highest PO to move toward the lower %s of the curve [26]. Moreover, it can
be speculated that the specific loads encountered during sport participation influence PO
adaptation. Indeed, combat athletes require higher pushing forces to quickly overcome
an opponent’s resistance and avoid being controlled or taken down, demanding powerful
pushing actions and as suggested before, they may have been able to optimize their annual
training specifically to enhance PO and strength in this movement [13]. Of note, the
pushing action in paddling does not have the same fundamental importance for specific
on-water performance. In our investigation, the maximum PO in BBP peaked at 50% 1RM,
without a significant difference from 20% to 60% 1RM. Our result is similar to the one
performed on professional rugby players that have found a non-statistical difference in PO
from 20% to 60% 1RM, even if it was shown that their maximum PO was at 30% 1RM [14].
The difference in maximum PO could be due to the different sports as well as training
regimes. In this context, when comparing two cohorts from different sports that prioritize
sport-specific (on-pitch and on-water) training over RT in terms of volume, our results are
consistent—and in this case superior—in terms of the percentage in which maximum PO is
achieved. This further reflects the high performance level of our participants.

Possible Elements for Power-Based Resistance Training Prescription

Considering that during the paddling stroke the paddle blade is submerged in wa-
ter and acts as a fixed point of resistance, the muscle action involved in pulling closely
resembles a contraction against a high resistance. Therefore, contextualizing the result
in our sample of kayakers, it would be ideal to obtain maximum PO at higher relative
loads (such as the one reported in a rowing championship team [21]), because this indicates
the ability to generate greater PO under conditions that closely mimic the high-resistance
demands encountered during actual paddling. This ability reflects a superior capacity to
apply strength and power effectively during the phases of the stroke, which are critical for
maximizing propulsion and overall performance. To achieve this, training should focus on
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loads that shift the maximum PO of the PBP toward higher intensities [26]. Therefore, from
a strength training perspective, this would likely be accomplished by training within the
higher portion of the P–Lr (i.e., 60–80% 1RM) and even near-maximal loads (≥85% 1RM).
Additionally, we suggest focusing on the higher end of the P–Lr, as training at these loads
is more likely to enhance strength and neuromuscular adaptations [27].

Moreover, since we have observed that PO is maximized at 60% 1RM (669.66 ± 98.2 W)
in PBP, and that paddlers generate 747 ± 151 W during an all-out start of 10 s [12], prescrib-
ing training loads around 50–70% of 1RM in PBP may be effective for improving this part
of the race. Specifically, coaches must count the number of strokes performed at maximal
intensity during the initial start, which could be approximately 20. With that information
in mind, coaches could prescribe to athletes several long sets performing the exact number
of pulling movements (i.e., 3 sets per 20 repetitions, with 5 min of rest in between) or could
opt to break down these long sets into smaller groups of reps with short rest periods in
between (10 to 30 s) [28] and, again, complete rest between sets. For example, a set of
20 repetitions can be broken into a set of four blocks of five repetitions with 20 s of rest
between blocks (i.e., 3 sets × (4 blocks × 5 reps, 20 s rec)/5 min). This approach would
maintain PO mainly constant throughout all the repetitions of a set to increase muscle
adaptations and minimize neuromuscular fatigue [28].

Moreover, considering that a PO of 424.64 ± 74.93 W was observed at 20% 1RM in PBP,
and that paddlers generate 374 ± 63 W in the first half and 323 ± 36 W in the second half
of a 2 min all-out kayaking performance [12], a training prescription aimed at simulating
the full race effort could be developed based on these values. For example, during the
competitive phase, coaches might prescribe a full, 2 min set on the PBP using lighter loads
(i.e., 20–30% 1RM) to target in-water power–endurance. However, during the preparatory
phase, this could be structured as repeated sets of 30 s of pulling movements followed by
30 s of rest, continued until a total of 2 min of RT is completed.

Another approach to closely simulate race demands involves starting with a load
corresponding to the all-out start PO (60% 1RM), and then progressively reducing the load
as PO declines, allowing the athlete to complete the 2 min set. In this scenario, teammates
assist by deloading the barbell for the athlete performing the exercise, minimizing dead
time between repetitions.

Regarding exercise selection, considering that paddling is a predominantly pulling
activity, from our perspective, PBP must have priority in all the RT sessions. However, BP and
BBP must be implemented to avoid upper-body’s agonist and antagonist muscle imbalances.

Limitations and Future Directions

The major limitations of this study are the number of athletes recruited (n = 9) and
the measurement of a guided exercise. The restricted cohort of international-level medal-
winning athletes has been analyzed for descriptive purposes only and does not allow
for drawing broader inferences to a cohort of matched kayakers, nor comparisons with
paddlers of different levels (sub-elite, Olympic paddlers). Moreover, no gender stratification
was possible. For these aims, future studies on larger cohorts, better representing both
sexes, and involving groups of paddlers of different levels would be necessary. For the
measurement of a guided exercise, we chose this modality because the BBP is usually
performed on a guided machine due to the potential danger associated with its execution
with a free barbell.

Moreover, future investigations on PU/PR should consider standardizing the method-
ology (i.e., exercises from which this ratio is calculated), along with the identification of
discipline-specific (i.e., kayak sprint versus kayak endurance competitions) reference val-
ues. Additionally, the exercise order was not randomized because all athletes were tested
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simultaneously (i.e., in the same training session) due to time constraints imposed by a
rigid calendar of structured training. Additionally, the exercise order was chosen because,
for the PBP, we needed to completely change the starting position of the barbell and set
up the bench using two wooden plyometric boxes, as described in the method. Therefore,
it would have been impossible to quickly and repeatedly change this setup after a bench
press set by another athlete. Therefore, a future study that will randomize the exercise
order would add scientific rigor.

Finally, a dedicated study that answers how a training prescription at peak PO might
impact sprint kayak performance in international-level elite kayakers is warranted, along
with one aiming to correlate gym-based P–Lr profiles with on-water paddling stroke charac-
teristics (force, velocity, and power). Such investigations would enhance understanding of
how RT adaptations transfer to paddling performance, thereby refining training specificity
for sprint kayak athletes.

5. Conclusions

This study is the first to describe the P–Lr from 20% to 90% 1RM in BP, BBP, and PBP
in international-level, medalist-winning canoeists and kayakers. The main findings are
that pulling in PBP showed an overall higher PO than the pushing movement (BP and
BBP), and that the maximum PO was found at 60% 1RM in PBP, 40% 1RM in BP, and 50%
1RM BBP. Moreover, our elite cohort of paddlers has a PU/PR < 1. Although necessitating
confirmation in a wider sample, these data may provide preliminary reference values
useful to prescribe athlete-specific power-based oriented training in paddle-sports.
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Abstract: Critical speed (CS), the respiratory compensation point (RCP), and the midpoint
between gas exchange threshold and maxial oxygen uptake (VO2max) (i.e., 50%Δ) have
been considered indexes able to demarcate the boundary between the heavy and severe
exercise domains. However, the agreement between these indexes—and therefore the
validity of using them reciprocally—remains to be reported in running. The current study
analyzed the agreement between RCP, 50%Δ, and CS. Twelve young runners performed an
incremental test to assess VO2max, RCP, and 50%Δ, with CS estimated by the linear model
of time-limited trials at 90, 95, and 110% of the speed corresponding to VO2max. One-
way ANOVA showed no differences when comparing VO2 and running speed at CS vs.
50%Δ vs. RCP (47.5 ± 4.4 vs. 46.6 ± 4.4 vs. 47.8 ± 4.5 mLO2·kg−1·min−1; and 13.9 ± 1.3
vs. 13.7 ± 1.3 vs. 14.0 ± 1.4 km·h−1; p > 0.05 for all comparisons). The bias for 50%Δ vs. CS
was −0.82 ± 1.55 mLO2·kg−1·min−1 and −0.23 ± 0.55 km·h−1, and for RCP vs. CS, it was
0.36 ± 1.21 mLO2·kg−1·min−1 and 0.05 ± 0.46 km·h−1. Therefore, the agreement between
RCP, 50%Δ, and CS in estimating VO2 responses and running speed did not preclude their
reciprocal similarity in exercise intensity, although the observed individual variability in
physiological variables is a constraint on considering these indexes interchangeable.

Keywords: critical speed; respiratory compensation point; running; youth
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1. Introduction

To define the zones for exercise training, the profiles of physiological variables like
oxygen uptake (VO2) and blood lactate concentration ([La−]) during running or cycling
have been used to account for the interplay of energy systems (aerobic vs. anaerobic activa-
tion) and acid–base balance control (metabolites (H+, Pi) clearance ability) [1,2]. Basically,
the transition from an evenly steady state to an uncontrolled rise toward maximal values
of VO2 and [La−], passing through an intermediary state of uneven but still controlled
responses, characterizes the range of exercise intensities across the moderate (i.e., highly
tolerable), heavy (fairly tolerable), and severe (poorly tolerable) domains [1–3]. To demar-
cate these domains, the responses of VO2, [La−], pulmonary ventilation (VE), and gas
exchange variables (like carbon dioxide production (VCO2), ventilatory equivalents for O2

and CO2, and pulmonary end-tidal O2 and CO2) have been analyzed during incremental or
constant-load exercises and applied to parametrize the transitions between physiological
profiles in each exercise domain [4,5].

In this context, the onset of additional VCO2 release through the buffering process
of H+ (due to the increased demand on the glycolytic pathway) drives [La−], VE, and
VCO2 to rise more sharply, marking the transition from the moderate to heavy domain.
This transition has been indexed by the lactate threshold (LT), the gas exchange threshold
(GET), and the first ventilatory threshold (VT1) [4,5]. The heavy domain marks the upper
limit of exercise at which blood lactate concentration ([La−]) and oxygen uptake (VO2)
responses [2–4] remain high but stable, i.e., an isocapnic buffering region [5]. In this region,
an exercise intensity can also be observed eliciting the maximal balance between the rate
of metabolite efflux from the muscle and the rate of metabolite clearance from the blood
(known as the maximal lactate steady state, MLSS) [2]. Above the heavy domain, the
responses of [La−] and VO2 are projected to their respective maximal values [6,7]; thus, the
transition from the heavy to severe domain is characterized by respiratory compensation
for metabolic acidosis (i.e., VE rises exponentially (hyperventilation) to reduce the excess
of CO2 in the blood), which has been indexed by the lactate turn point (LTP), respiratory
compensation point (RCP), and second ventilatory threshold (VT2) [4,5].

In running, critical speed (CS) has been recognized and well supported as the exercise
intensity demarcating the upper limit of the heavy domain [2,6–8]. Thus, below CS,
there is a range of exercise intensities eliciting physiological [1,2,8] and metabolic [2,3,9]
responses without inducing sufficient accumulation of metabolites to disturb the acid–
base balance [9,10]. However, the determination of CS yields values subjected to protocol
influence (i.e., time limit (tLim) between 2 and 15 min) [1–3] and mathematical adjustments
(linear and non-linear equations) [2,11] and is often expensive and physically demanding
for athletes [12].

In addition, other indexes able to parametrize the zone of heavy but still sustainable
exercise, mainly those assessed during incremental exercise tests, have been compared to
CS regarding their observed similarities [6,13]. For example, it has been proposed that the
exercise intensity at half the difference (i.e., Δ 50%) between maximal oxygen consumption
(VO2max) and GET would also delimit the upper boundary of exercise intensities with
physiological responses still characterizing the heavy domain [14]. Despite all normaliza-
tion efforts, information from incremental exercise tests is dependent on the specificity of
training status and movement pattern [15–18]. Lansley et al. [19] reported more consistent
physiological responses during exercise when the level of intensity was prescribed at a
given %Δ rather than at %VO2max. Moreover, another study reported that the transition
from the heavy to severe domain in running can be observed in a wide range between
40 and 60%Δ [20]. However, typical physiological responses of the heavy domain were
reported during cycling at 50%Δ [14], whereas responses at 60, 70, and 80%Δ were typical
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of the physiological profile in the severe domain [21]. Therefore, there is enough theoretical
support for the assumption that 50%Δ might be a reliable index of the transition between
sustainable and exhaustive exercises [14].

As already mentioned, another index from the incremental exercise test able to charac-
terize the heavy sustainable exercise intensity is RCP [22,23], which has shown similarity
to CS [3,11]. The physiological significance of RCP corresponds to an exercise intensity
beyond which the mechanisms for controlling the acid–base balance lose the capacity to
buffer hydrogen anion production due to the increased demand for ATP resynthesis from
anaerobic glycolytic metabolism [4,5,10,11,13]. Thus, the concept of RCP is best aligned
with the assumption that it represents an exercise intensity around which the physiological
response can transition from the heavy to severe domain [24,25]. Therefore, if CS is an
index from a time-limited model able to evidence agreement with threshold indexes of
incremental exercise, then CS can be a reliable and feasible index to support high-intensity
training planning for young runners. It is notable that the insufficient number of investiga-
tions to support the agreement or disagreement between CS and indexes from incremental
exercise, particularly RCP and 50%Δ, contrasts with the substantial evidence supporting
their roles in demarcating exercise zones characterized by submaximal and sustainable
physiological responses. In addition, previous studies did not refute that both RCP and CS
are indexes eliciting comparable load/speed intensities or physiological responses [11,26],
although the interchangeability in physiological responses is still being questioned [5,18].

Thus, the present study aimed to analyze metabolic (VO2) and speed (km· h−1)
agreement at 50%Δ and RCP with CS during treadmill running in trained young runners.
The hypothesis was that these indexes would show statistical similarities in terms of
oxidative demand. However, when comparing running speeds, differences were expected
to reduce compatibility due to the influence of individual anthropometric characteristics
on stride length and frequency and their association with running economy [17].

2. Materials and Methods

2.1. Participants

Twelve young male runners (15.7 ± 1.8 years; 1.7 ± 0.1 m; and 57.1 ± 11.7 kg),
regularly involved in a running training program for at least two years, participated in this
study. Assessments were conducted during the third microcycle of the base training period.
The participants were selected after an initial screening of 20 young athletes to exclude
those who were recently injured or sick, those experiencing pain or discomfort during the
training, and those who were not endurance-trained runners. All participants obtained
permission from their guardians and signed an informed consent form acknowledging the
procedures. All research procedures were conducted following the Declaration of Helsinki
and the ethical standards in sport and exercise science research [27], and were previously
approved by the local University Ethics Committee (CAEE: 36936714.6.0000.5398).

2.2. Experimental Design

Figure 1 illustrates the experimental design. Participants underwent four testing
sessions: (1) a progressive ramp test to determine GET, RCP, 50%Δ, and VO2max, along
with their respective intensities (vGET, vRCP, v50%Δ, and vVO2max, respectively); and
(2) three constant-velocity exercise bouts to voluntary exhaustion at 90%, 95%, and 110% of
vVO2max, which were performed for CS prediction. A 24 h interval was maintained
between each exercise bout [8]. All tests were conducted on a motorized treadmill
(HP/Cosmos Pulsar, Nussdorf-Traunstein, Germany) with a fixed 1.0% incline [26] in
an indoor environment with controlled temperature (21–23 ◦C) and air humidity (50–60%).
Participants were instructed to avoid exhaustive training, refrain from drinking alcoholic
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and caffeinated beverages the day before the assessment, and arrive in a fed and hydrated
state [7,8].

Figure 1. An example of estimating a participant’s physiological and speed variables in the study.
Panel (A) depicts the maximal incremental test for determining GET, RCP, 50%Δ, and VO2max.
Panel (B) illustrates the VO2 response during the predictive trials for CS. Panels (C,D) show the
determination of CS using the v-tLim−1 and d-tLim models, respectively.

2.3. Maximal Incremental Test

During the maximal incremental test (Figure 1, Panel A), the speed progressed by
1.0 km·h−1·min−1, starting from 7.0 km·h−1 [28] until voluntary exhaustion. VO2 was
breath-by-breath sampled throughout the test (QuarkPFTergo, Cosmed, Rome, Italy). The
O2 and CO2 concentration analysis system was calibrated before each test using ambient air
and a gas with known O2 and CO2 concentrations, and the turbine analysis was calibrated
using a three-liter syringe, according to the manufacturer’s recommendations. VO2 values
were smoothed by a three-second filter and averaged every six seconds. [La−] was analyzed
at rest and in the first minute after test completion, and its analysis was performed using
the enzymatic method (YSL 2500STAT, Yellow Spring, CO, USA) from 25 μL of arterial
blood diluted in 50 μL of 1% NaF solution [11].

VO2max was considered the highest value smoothed by a 30 s moving average.
VO2max was determined as the lowest speed in the incremental test that elicited the maxi-
mum VO2 elevation [17]. GET was determined following Whipp’s [4] recommendations
based on the responses of VE·VCO2

−1, VE·VO2
−1, PETCO2, and PETO2. It involved observ-

166



Sports 2025, 13, 167

ing an increase in the responses of VE·VO2
−1 and PETO2 without a change in the response

of VE·VCO2
−1 and PETCO2. Identification of the metabolic fatigue threshold at 50%Δ was

performed using VO2 at GET and VO2max (50%Δ = GET + [(VO2max − GET) × 0.5]) [14,16].
The corresponding speed was determined by trend fitting between running speed (km·h−1)
and its VO2 during the incremental test. GET, RCP, 50%Δ, and VO2max determinations
were conducted independently by three experienced researchers [29].

2.4. Critical Speed (CS) Determination

The predictive trials for CS (90%, 95%, and 110% of vVO2max) (Figure 1, Panel B)
were randomly performed with a minimum interval of 24 h [8]. The value of tLim was
recorded in seconds and associated with the prediction speed using the speed vs. time-
limited (v-tLim

−1) model (Figure 1, Panel C) and the distance vs. time-limited (d-tLim)
model (Figure 1, Panel D) (Equations (1) and (2)) [12]. The selection of the CS value for
each participant was based on the smallest standard error of the estimate (SEE) as the
criterion [30].

(a) Speed vs. inverse of time to exhaustion (v-1·tLim
−1)

v = D′ × 1
(t)

+ CS (1)

(b) Total distance vs. time (D-tLim)

d = D′ × t + CS (2)

where v = running speed; D′ = amount of work from bioenergetic reserves; t = the time
limit (tLim) of predictive trials; and CS = critical speed. The VO2 corresponding to CS
was determined using the trend relationship between VO2 and running speed during the
incremental test [7,30].

2.5. Statistical Analysis

The sample size was previously estimated using G*Power, considering a security level
of 95% (Z1-α/2 = 1.960) and power of 85% (Z1-β = 1.036), as well as a high correlation level
of 0.80 [31]. The estimated size was 10 participants, which was increased by 20% (N = 12)
to avoid statistical underpower with participants withdrawing.

Data were expressed as mean ± SD with a 95% confidence interval (CI95%). Outliers
and normality were checked using a 1.5·IQR range (interquartile range = Q3–Q1) and the
Shapiro–Wilk test. Homogeneity, variance, and differences between 50%Δ, RCP, and CS
(VO2 and km·h−1) analysis were examined using the Levene test and one-way ANOVA,
supplemented by Fisher’s LSD test.

The normality, independence, and homoscedasticity of the residuals for the regression
analyses between 50%Δ, RCP, and CS were assessed using the Shapiro–Wilk, Durbin–
Watson, and Breusch–Pagan tests, respectively. Influential residuals or leverage points
were identified through Cook’s distance. For agreement analysis, the difference between
the means of variables was checked using the two-tailed Student’s t-test for a single
sample, and the proportional bias of differences was assessed through linear regression
analysis between the mean (independent variable) and the difference (dependent variable)
of the measurement. An analysis of dispersion was performed using the sample-adjusted
coefficient of determination (R2adj.) and SEE, whilst agreement was analyzed with Bland–
Altman plots [32] and the standard error of the mean (SEM = SD ÷ √

n).
The effect size for ANOVA and R2adj. was calculated using eta squared (η2) consid-

ering threshold values as follows: <0.04 [trivial], 0.04–0.24 [weak], 0.25–0.63 [medium],
and ≥0.64 [strong] [33]. The correlations between the variables were assessed using the
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coefficient of correlation (r) derived from the coefficient of determination (R2), with which
the sample power was determined (Equation (3)) [31].

Z1−β =
√

n − 3
1
2

Ln
(

1 + r
1 − r

)
− Z1− α

2
(3)

where Z1−β provides the coefficient for determining the sample power by the bicaudal
normal distribution of the value r [31]. The IBM SPSS Statistics software (version 27, 2021,
IBM Co., Ltd., Armonk, NY, USA) was used to conduct statistical analyses. Statistical
significance was determined at α < 0.05.

3. Results

The value of VO2max reached 53.0 ± 5.1 (CI95% = 49.8–56.2) mLO2·kg−1·min−1,
and the corresponding speed reached 16.1 ± 1.7 (CI95% = 15.0–17.2) km·h−1. The
lower limit of the heavy domain was indexed by GET, corresponding to 76.2 ± 4.2%
VO2max (70.1 ± 6.2% vVO2max), and CS marked the upper limit at 89.6 ± 3.1% VO2max
(86.5 ± 3.6% vVO2max). The VO2 responses during predictive trials for CS reached
53.0 ± 4.9 (110% vVO2max), 53.9 ± 4.4 (95% vVO2max), and 56.2 ± 7.2 mLO2·kg−1·min−1

(90% vVO2max), providing greater prediction rigor for the v−1·tLim
−1 fit with R2 = 0.98 ± 0.03

(SEE = 2.89 ± 1.69% and CI95% = 0.25–0.55 km·h−1). Figure 2 presents the metabolic and
speed values of the indexes used in the upper limit of the heavy domain. Another variable
for sustainable exercise was RCP, which was situated at 90.2 ± 2.8% VO2max (86.8 ± 3.7%
vVO2max). Both 50%Δ (88.0 ± 3.7% VO2max and 85.1 ± 3.1% vVO2max) and RCP showed
no significant differences when compared to CS, respectively, regarding VO2 (F[2,35] = 0.227,
η2 = 0.014 [trivial], p = 0.65 and p = 0.84, respectively) and running speed (F[2,35] = 0.151,
η2 = 0.009 [trivial], p = 0.68 and p = 0.92, respectively). Similarly, there was no difference in
RCP compared to 50%Δ for VO2 (p = 0.51) and km·h−1 (p = 0.61), confirming the hypothesis
regarding the statistical similarity between them.

Figure 2. Individual values (circles), mean ± SD (line and whiskers), and 95% confidence interval
(gray box) of VO2

− (brown) and running speed (light brown) associated with 50%Δ, RCP, and CS.

The regression and agreement analyses between 50%Δ, RCP, and CS regarding VO2

and running speed are shown in Figures 3 and 4, respectively. The agreement analyses in rel-
ative values of VO2 and km·h−1 are shown in Figure 5. Both 50%Δ (F[1,10] = 72.13, p < 0.01)
and RCP (F[1,10] = 128.6, p < 0.01) were able to account for the variance in VO2 at CS
with a potential of 86.6% [strong] and 92.1% [strong], respectively (Figure 3A,C), and
a bias (t[11] = −1.830, p = 0.94 and F[1,11] = 0.003, p = 0.96; t[11] = 1.046, p = 0.32 and
F[1,11] = 0.065, p = 0.80) of −0.82 ± 1.55 and 0.36 ± 1.21 mLO2·kg−1·min−1 (SEM = 3.0
and 2.4 mLO2·kg−1·min−1 or 6.9 and 4.9%, respectively, Figure 3B,D) or −1.74 ± 3.54
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and 0.76 ± 2.52%, respectively (t[11] = −1.701, p = 0.12 and F[1,11] = 0.004, p = 0.94;
t[11] = 1.041, p = 0.32 and F[1,11] = 0.016, p = 0.90, Figure 5A,C).

Figure 3. Dispersion and Bland–Altman plots for VO2 values at CS, RCP, and 50%Δ. Dispersion
between VO2 at 50%Δ vs. CS (99.9% power, Panel (A)), VO2 at RCP vs. CS (99.9% power, Panel (C)),
and VO2 at RCP vs. 50%Δ (99.9% power, Panel (E)). Agreements analysis between VO2 at 50%Δ vs.
CS (Panel (B)), RCP vs. CS (Panel (D)), and RCP vs. 50%Δ (Panel (F)). The gray area in all the panels
represents the 95% confidence interval.

On the other hand, RCP (F[1,10] = 115. 3, p < 0.01) has the potential to predict
VO2 at 50%Δ, explaining 92.1% of the variance [strong] (Figure 3E), but lacks sta-
tistical agreement (t[11] = 3.234, p < 0.01 and F[1,11] = 0.096, p = 0.76), with a bias
of 1.19 ± 1.27 mLO2·kg−1·min−1 (SEM = 2.5 mLO2·kg−1·min−1 or 5.5%, Figure 3F)
or 2.50 ± 2.84% (t[11] = 3.049, p = 0.01 and F[1,11] = 0.037, p = 0.85, Figure 5E). For run-
ning speed, a lack of statistical compatibilities was also observed, confirming our sec-
ond hypothesis. Both 50%Δ (F[1,10] = 47.16, p < 0.01) and RCP (F[1,10] = 87.84, p < 0.01)
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were able to account for the variance in km·h−1 at CS with a potential of 80.4% [strong]
and 88.8% [strong], respectively (Figure 4A,C), and a bias (t[11] = −1.431, p = 0.18 and
F[1,11] = 0.014, p = 0.91; t[11] = 0.392, p = 0.70 and F[1,11] = 0.957, p = 0.35) of −0.23 ± 0.55 and
0.05 ± 0.46 km·h−1 (SEM = 1.0 and 0.9 km·h−1 or 8.0 and 4.9%, respectively, Figure 4B,D)
or −1.66 ± 4.13 and 0.29 ± 3.26%, respectively (t[11] = −1.391, p = 0.19 and F[1,11] = 0.006,
p = 0.94; t[11] = 0.310, p = 0.76 and F[1,11] = 0.835, p = 0.38, Figure 5B,D).

Finally, RCP (F[1,10] = 73.51, p < 0.01) explained 86.8% of the variance in running speed
(km·h−1) at 50%Δ [strong] (Figure 5E), with a bias (t[11] = 1.955, p = 0.08 and F[1,11] = 1.095,
p = 0.32) of 0.28 ± 0.49 km·h−1 (SEM = 1.0 km·h−1 or 7.0%, Figure 4F) or 1.95 ± 3.54%
(t[11] = 1880, p = 0.09 and F[1,11] = 0.541, p = 0.48, Figure 5F).

Figure 4. Dispersion and Bland–Altman plots for speed (km·h−1) values at CS, RCP, and 50%Δ.
Dispersion for 50%Δ vs. CS (99.4% power, Panel (A)), RCP vs. CS (99.9% power, Panel (C)), and RCP
vs. 50%Δ (99.9% power, Panel (E)). Agreements analysis between velocities at 50%Δ vs. CS (Panel
(B)), RCP vs. CS (Panel (D)), and RCP vs. 50%Δ (Panel (F)). The gray area in all the panels represents
the 95% confidence interval.
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Figure 5. Bland–Altman plots showing the percentage difference between VO2 values and running
speed (respectively) for 50%Δ vs. CS (Panel (A,B)), RCP vs. 50%Δ (Panel (C,D)), and RCP vs. 50%Δ
(Panel (E,F)). The gray area in all the panels represents the 95% confidence interval.

4. Discussion

This study analyzes the agreement between physiological indexes in running speed
at different fatigue thresholds in young runners. By assessing 50%Δ and RCP during an
incremental ramp test, no differences were significant when comparing these indexes in
terms of metabolic rate and running speed, nor when comparing these responses from both
indexes with those estimated for CS. In light of these findings, this study demonstrates
that all three indexes might be applied to determine the transition between the heavy and
severe exercise intensity domains for young runners, showing similarities with the age
group and training status of the participants. However, the Bland–Altman analysis [32]
showed wide and biased confidence intervals, indicating error in metabolic rate and speed
between 50%Δ and CS, which is a finding consistent with previously reported variability
in cycling [12]. Also, the speeds corresponding to 50%Δ and RCP were not in agreement
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(i.e., comparisons differed from zero significantly) and showed a considerably high estima-
tion error (7.0%). Since the errors exceed 5%, the planning of training (e.g., targeting an
athlete’s periodization) and/or the design of experimental protocols (e.g., targeting analysis
of exercise intensity) may not provide a reliable estimate of exercise conditions [12,13].
Indeed, previous research has suggested that exercising at 5% above CP reduces tolerance
and elicits muscular and blood metabolic imbalance [34]. Taking this into account, only the
comparisons of VO2 and speed between RCP and CS might be considered closely reciprocal
and likely to provide high confidence in determining different exercise domains around
these thresholds.

Thus, the lack of statistical differences between the indexes (RCP vs. 50%Δ vs. CS)
regarding the VO2 response should be interpreted with caution since the individual variabil-
ity of the responses observed might preclude the assumption of similar metabolic responses
for the entire sample of participants in each index, in line with previous studies reporting
a lack of similarity in cycling [13,26,35] and running [6]. Individual variability in physi-
ological thresholds across exercise domains has been reported to be influenced by slight
differences in training experience, conditioning level, and running economy [10,35,36]. For
example, altering the slope of the relationship between VO2 and speed to the right allows
a previously required metabolic demand to be maintained at a higher running speed or
enables a given running speed to be sustained for a longer duration [10]. Although this
tendency is well reported for training in the moderate exercise domain, there is a large
variance among individuals regarding the changes, as was observed by Philp et al. [36] after
four weeks of training with moderately trained runners (VO2max = 45 mLO2·min−1·kg−1),
in which the increases in the lactate threshold (LT) (7–9%), maximal lactate steady state
(5–8%), and VO2max (6–10%) showed variability. Consequently, the relative allocation
(%VO2max and/or %vVO2max) of the physiological thresholds changes, and the boundaries
of the heavy domain (lower and upper, e.g., LT, CS) move up accordingly [16]. In addi-
tion, further considering that the relative location of these indexes depends on individual
adaptation to training [19,37], as well as on the sensitivity of each index to adjustments
based on the specialized plan of training [16], the interchangeability between RCP, 50%Δ,
and CS remains a critical concern, due to the particular contribution of energetics (aerobic
vs. anaerobic) and tolerance to exercise [25,38], even when differences in exercise intensity
among these indexes are slight [13,18]. However, the current study observed very close
values at a given %VO2max and %vVO2max between RCP and CS, suggesting that exercise
1% below and/or above these indexes tends to fall in different domains, which indicates a
closer overlap of boundaries.

Therefore, an aspect to consider is individual variability, which is intrinsic to the
relative allocation of RCP, 50%Δ, and CS in terms of %VO2max and/or %vVO2max. The
current study observed a very small underestimation of CS by 50%Δ (~1.6%). When
observing the current results in terms of Δ, two participants had CS located above 60%Δ,
which would imply an underestimation of the upper limit of the heavy domain by 50%Δ.
However, considering the study of Lansley et al. [19] recommending a safety margin
(±10%Δ) to define the boundary between heavy and severe domains based on 50%Δ,
the current mean difference between CS and 50%Δ is well aligned with this suggestion,
supporting the use of 50%Δ to parametrize exercise domains. However, it is important to
note the probability of observing different physiological responses (VO2 and heart rate),
metabolic responses ([La−]), and exercise tolerance between individuals when predicting
exercise intensity in a given domain [1,34]. An attempt to account for this variability
was proposed by Souza et al. [12], whose study suggested an even larger “safe zone” of
±20%Δ (i.e., heavy domain <30%Δ and severe >70%Δ) to accommodate major sources
of interindividual variability in physiological responses, such as (i) training status [35];
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(ii) central and peripheral limitations to oxygen uptake during exercise, muscle fiber
contractile properties, and metabolic profile [18]; and (iii) age and sex [35]. In spite of the
possible large variability in physiological responses reported in these previous studies when
exercising at different paces near the boundary between the heavy and severe domains, the
current study emphasizes that the proportional similarity between CS and 50%Δ is strong
(i.e., showing a rate above 80%) for speed or VO2 comparisons.

In addition, the comparison between RCP and CS showed the strongest similarities
(~90%) when comparing the speed and estimated VO2 for these indexes. Nevertheless,
the SEM can attain ~5%, which might result in allocating RCP within the severe intensity
domain in different sport modalities, such as running, cycling [1,2,4,24], and swimming [23].
There are many studies comparing RCP with CS (or CO, which is the equivalent for power
measurements) that have observed statistical equivalence, as shown in cycling (286 ± 28 W
or 85.3 ± 5.6% VO2max vs. 278 ± 22 W or 85.4 ± 4.8% VO2max, respectively) [22], in
running (RCP vs. CS: 11.5 ± 2.3 vs. 11.7 ± 2.3 km·h−1, respectively) [6], and in oxidative
demand while running (2.88 ± 0.80 vs. 2.83 ± 0.72 L·min−1, respectively) [6]. Therefore,
the current results reinforce the lack of difference between RCP and CS, in line with
previous findings [22,23] for either absolute (VO2 and speed) or relative (%VO2max and/or
%vVO2max) measures. In practical terms, the closest similarities between RCP and CS
suggest a reciprocal confidence for planning high-intensity exercise in the heavy and severe
domains, with each index being suitable for control running intensity during training and
conditioning adjustments over a planning period, despite the availability of a metabolic
chart being mandatory for RCP assessment.

The current study showed some limitations regarding the measurements, experimen-
tal conditions, and population. The first concern is related to the assessment of CS, since
the variability of the values is associated with the number of predictive trials [2] and math-
ematical adjustments (linear and non-linear) [2,30]. However, the current study ensured
that the tLim of the predictive trials lay around the recommended range (2 to 15 min), and
that VO2max was reached during the trials at 90%, 95%, and 110% VO2max [2,6,9]. The
fact that VO2 responses were not analyzed during exercise (e.g., VO2 on-kinetics) around
each index (RCP, 50%Δ, and CS) limits the ability to assert metabolic equivalence between
these indexes and prevents a definitive recommendation regarding their interchangeability
for demarcating the transition from the heavy to severe exercise domain. In addition,
the findings of the current study are restricted to the analyzed group regarding the age
and training level of the runners; therefore, extrapolation of the results to a larger sample
of young runners should be interpreted with caution. Moreover, we recommend future
studies investigating the similarity between different training conditions and age groups
of runners.

5. Conclusions

The results indicated that during maximal progressive exercise, certain indexes of
speed and VO2 demand were highly correlated with CS, suggesting their ability to repre-
sent the transition from high-intensity, yet sustainable, exercise to poorly tolerated zones.
Therefore, the indexes 50%Δ and RCP can be considered useful references for identifying
the transition between heavy and severe exercise domains, due to their physiological (VO2)
and speed (km·h−1) similarities with CS. However, interindividual variabilities should be
considered a source of estimation errors of these variables, and, thus, the interchangeability
between these indexes must be interpreted with caution. This consideration is essential for
planning training and experimental designs demanding a high level of specificity regarding
the physiological responses in young runners, since large variability might allocate different
subjects in distinct exercise zones. In addition, the current analysis also evidenced that CS
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might be an excellent index for characterizing the heavy domain in athletes of comparable
age and training levels (or experience) to the present participants, considering that RCP
and 50%Δ both showed a tendency to overestimate CS. Therefore, although the reliability
of RCP, 50%Δ, and CS for planning training in the heavy and severe domains for young
runners remains a questionable issue due to the lack of detailed physiological comparisons
among these indexes, the current findings support a high degree of similarity in exercise
intensity, at least from running speed comparisons, between RCP and CS.
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Abbreviations

The following abbreviations are used in this manuscript:

VO2 Oxygen uptake
VO2max Maximal oxygen uptake
vVO2max Speed corresponding to the VO2max in the incremental test
VCO2 Carbon dioxide
H+ Hydrogen ion
Pi Inorganic phosphate
[La-] Blood lactate concentration
GET Gas exchange threshold
vGET Speed corresponding to the GET in incremental test
50%Δ Middle point of the difference GET and VO2max

v50%Δ Speed corresponding to 50%Δ in the incremental test
LT Lactate threshold
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VT1 First ventilatory threshold
MLSS Maximal lactate steady state
VE Pulmonary ventilation
RCP Respiratory compensation point
vRCP Speed corresponding to the RCP in the incremental test
VT2 Second ventilatory threshold
LTP Lactate turn point
CS Critical speed
tLim Time limit
v-tLim Time-limited model for the assessment of CS using trials with different velocities
d-tLim Distance-limited model for the assessment of CS using trials with different distances
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28. Vucetić, V.; Sentija, D.; Sporis, G.; Trajković, N.; Milanović, Z. Comparison of ventilation threshold and heart rate deflection point
in fast and standard treadmill test protocols. Acta Clin. Croat 2014, 52, 190–203.

29. Scheuermann, B.W.; Kowalchuk, J.M. Attenuated respiratory compensation during rapidly incremented ramp exercise. Respir.
Physiol. 1998, 114, 227–238. [CrossRef]

30. Massini, D.A.; Caritá, R.A.C.; Siqueira, L.O.; Simionato, A.R.; Denadai, B.S.; Pessôa Filho, D.M. Assessment of critical speed in
track and treadmill: Physiological profiles and relationship with 3000-meter performance. Braz. J. Kinanthropom Hum. Perform.
2018, 20, 432–444. [CrossRef]

31. Díaz, S.P.; Fernández, S.P. Determinación del tamaño muestral para calcular la significación del coeficiente de correlación lineal.
Cad. Aten. Primaria 2002, 9, 209–211.

32. Bland, J.M.; Altman, D.G. Statistical methods for assessing agreement between two methods of clinical measurement. Lancet 1986,
327, 307–310. [CrossRef]

33. Ferguson, C.J. An effect size primer: A guide for clinicians and researchers. Prof. Psychol. Res. 2009, 40, 532–538. [CrossRef]
34. Vanhatalo, A.; Black, M.I.; DiMenna, F.J.; Blackwell, J.R.; Schmidt, J.F.; Thompson, C.; Wylie, L.J.; Mohr, M.; Bangsbo, J.; Krustrup,

P.; et al. The mechanistic bases of the power-time relationship: Muscle metabolic responses and relationships to muscle fibre type.
J. Physiol. 2016, 594, 4407–4423. [CrossRef]

35. Murgatroyd, S.R.; Wylde, L.A.; Cannon, D.T.; Ward, S.A.; Rossiter, H.B. A ‘ramp-sprint’ protocol to characterise indices of aerobic
function and exercise intensity domains in a single laboratory test. Eur. J. Appl. Physiol. 2014, 114, 1863–1874. [CrossRef]

36. Philp, A.; Macdonald, A.; Carter, H.; Watt, P.; Pringle, J. Maximal lactate steady state as a training stimulus. Int. J. Sports Med.
2008, 29, 475–479. [CrossRef]

37. Neder, J.A.; Jones, P.W.; Nery, L.E.; Whipp, B.J. The effect of age on the power/duration relationship and the intensity-domain
limits in sedentary men. Eur. J. Appl. Physiol. 2000, 82, 326–332. [CrossRef]

38. Busso, T.; Chatagnon, M. Modelling of aerobic and anaerobic energy production in middle-distance running. Eur. J. Appl. Physiol.
2006, 97, 745–754. [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.

176



Article

Does Birth Month Matter? Effects of Birth Subgroupings on
Motor Performance and Ball-Involving Tests in a Youth
Soccer Academy

Lorenzo Marcelli 1, Fioretta Silvestri 1, Gianluca Di Pinto 1,2,3,*, Andrea Colombo 1, Federica Marzoli 1,

Maria Chiara Gallotta 4, Laura Guidetti 1, Fabrizio Perroni 5,† and Davide Curzi 1,†

1 Department of Economic, Psychological, Communication, Education and Movement Science, University
Niccolò Cusano, 00166 Rome, Italy

2 BIND-Behavioral Imaging and Neural Dynamics Center, University “G. d’Annunzio” Chieti-Pescara,
66100 Chieti, Italy

3 Department of Medicine and Aging Sciences, University “G. d’Annunzio” Chieti-Pescara, 66100 Chieti, Italy
4 Department of Physiology and Pharmacology “Vittorio Erspamer”, Sapienza University of Rome,

00185 Rome, Italy
5 Department of Biomolecular Sciences, Section of Exercise and Health Sciences, Carlo Bo University of Urbino,

61029 Urbino, Italy
* Correspondence: gianluca.dipinto@phd.unich.it
† These authors contributed equally to this work.

Abstract: Youth motor performance changes are not strictly linear during their sports
career, and within-year birth timing may introduce relative age differences, known as the
relative-age effect. In a cross-sectional study of 170 male young soccer players (8–12 years
old), field tests were compared between adjacent age groups and within each of them:
countermovement jump (with and without arm swing); 15 m linear sprint and agility test
with and without the ball. Non-parametric tests with post hoc comparisons revealed signif-
icant differences between consecutive birth years in physical skills, particularly between
the youngest and oldest groups. Specifically, differences were noted in the jumping test
between U12 and U11, and between U10 and U9. Additionally, linear sprint and agility
tests showed significance in U13 versus U12 and U10 versus U9. Finally, dribbling skills
mature later (in both tests, U13 v U12, U12 v U11; with the ball, U10 v U9). Differences
were found within the groups based on the semester, but not the trimester of birth, con-
firming a progressive yet non-linear pattern and semester-level within-year differences.
These findings suggest the key role of motor skills development trajectories in creating
individualized training programs tailored to the needs of individual young soccer players.

Keywords: football; relative age effect; young players; chronological age; talent identification;
agility; CMJ; dribbling; technical skills; player development

1. Introduction

Soccer is an open-skill team sport involving a combination of motor (e.g., strength,
endurance and flexibility) and technical skills as key indicators of performance, particularly
in young players [1,2]. Some physical characteristics, such as cardiovascular fitness, follow
a direct improvement with age, while others follow a non-linear trend (e.g., vertical counter-
movement jump, slalom agility) [3].

Fundamental motor skills, being the foundation of movement in children, play a
crucial role in overall motor competence [4,5]. The object control skills, a subcategory of
fundamental motor skills, involve the manipulation of objects with hands, feet, or tools,
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requiring high levels of coordination [4]. Its development at an early age is considered
essential to facilitate skills transfer [4]. Indeed, studies have shown that the most suc-
cessful players possess advanced motor abilities from an early stage and maintain their
advantage over future non-elite players throughout their development [6]. Furthermore,
object control skills are positively related to age [7], and specific physical exercise inter-
ventions have significantly improved object control skills in children [5]. The evidence
regarding soccer-specific skills is unclear, with some authors [2] claiming a strong rela-
tionship between physical and technical skills, while others have not reported any direct
correlation [8]. Indeed, Duncan and colleagues [8] suggest that the main predictors of per-
formance development should be identified in the fundamental motor skills and perceived
competence, regardless of the player’s chronological age. Research findings confirm that
physical maturity is a determining factor in physical performance, particularly in strength
and muscular power. Biologically more mature athletes often outperform their less mature
peers, although this relationship may vary according to chronological age, sex and the
specific fitness component analyzed [1,9,10].

Although differences in physical performance across age groups are more closely
related to differences in physical maturity, within the same birth years, selection processes
often show a bias toward athletes born in the first months of the year, a phenomenon known
as the Relative Age Effect (RAE) [11–13]. The advantage of being born in the first months
of the year has been attributed to biological maturation, but it is also present when the
differences in performance were corrected by somatic maturation [14]. RAE is more evident
in younger age groups and tends to decrease with growth [15]. It appears to be present
across all aspects of life (school, sport, lifestyle, etc.). Despite that, youth competitions are
traditionally organized into age groups based on a fixed cut-off date (i.e., 1 January), but
there is a growing interest in grouping players based on biological rather than chronological
age, to address developmental differences [16,17]. Even by aligning the cut-off date to the
academic year (September to August), RAE remains present as it should be addressed as an
intrinsic factor of athletes, being non-eliminable [13]. In addition to physical performance,
RAE also influences cognitive development and reflects broader maturation processes [18].
Studies have shown that growth goes hand in hand with improvements in both physical
and academic performance [1,2,8,9,16,19].

Although the scientific literature has investigated the different levels of motor skills
among young soccer players born in adjacent years, through field-based motor tests [2,9],
few studies have examined differences in subjects born in the same year. Therefore, the
aims of this study were to compare motor and dribbling skills in young soccer players
through field-based tests (1) across consecutive age groups and (2) within the same birth
year through birth-based subgrouping strategies. In our hypothesis, relatively older players
(born earlier in the selection year) would demonstrate superior motor (sprint, CMJ, agility,
flexibility) and technical (speed dribbling) performance compared to later-born peers.

2. Materials and Methods

2.1. Participants

One hundred and seventy young male soccer players were included in this study
and were firstly divided into the following groups, based on their age range: Under 9
(n = 23, age = 8.2 ± 0.3 years), Under 10 (n = 31, age = 9.4 ± 0.3 years), Under 11 (n = 39,
age = 10.4 ± 0.3 years), Under 12 (n = 42, age = 11.3 ± 0.3 years) and Under 13 (n = 35,
age = 12.3 ± 0.3 years). The division into traditional age groups (U9–U13) reflects the
official categories used in Italian and European youth competitions (FIGC/UEFA). To
investigate the relative age effect (RAE) within the same age category, each group was
further divided into two subgroups based on the period of birth: the oldest athletes (O),
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born in the first half of the year (January–June, subgroup O) and the youngest athletes (Y),
born in the second half of the year (July–December, subgroup Y). Despite the limited sample
size, an explorative analysis was performed to check magnitudes and potential differences
within a shorter birth timeframe. The trimestral subdivision was organized as follows: Q1:
January–March; Q2: April–June; Q3: July–September; and Q4: October–December [20,21].

Participants were selected from an Italian amateur soccer club (Soccer Club Frascati,
Rome, Italy), based on their regular participation in both training and official matches. The
club is located in a suburban Rome area with a relatively homogeneous socioeconomic
population. Position-specific analysis was not conducted as young players at these ages
often rotate between positions and do not have fixed tactical roles. To be included in the
study, athletes had to have been active for the entire competitive season and be free from
chronic or acute injuries in the three months preceding the study and during the whole
season. Additionally, all participants had to have played soccer for at least two years prior
to the start of the study.

All tests were conducted in October, at the beginning of the competitive season, after
one month of training from the start of the activity in September, ensuring that players had
adapted to the initial training phase before the test. The participants were homogeneous
regarding their training status (e.g., average training hours per week: 4.5, divided into
three training sessions; total training weeks per season: 40), as none of the participants
underwent any strenuous activity or training outside of their normal training schedule.

Athletes and their parents were informed about the project through a written docu-
ment, and informed consent was obtained from the athletes’ parents or legal guardians,
as all participants were minors. Ethical approval was granted by the Institutional Re-
view Board of the University Niccolò Cusano, study protocol number MO 8/22, in ac-
cordance with the 1964 Helsinki Declaration and its later amendments or comparable
ethical standards.

2.2. Testing Procedures

During the two weeks prior to the data collection, all participants attended four
familiarization sessions in which each test was explained, demonstrated, and practiced.
To assess the physical and technical abilities (i.e., dribbling skills) of the players, the
following tests were conducted on a synthetic grass field under stable weather conditions
(temperature 18–22 ◦C, minimal wind). All participants wore standard soccer boots and
uniform sports clothing. The selected tests represent fundamental components of youth
soccer performance and were chosen based on their relevance to soccer-specific skills and
established validity in youth populations. Tests were administered in a fixed order (warm-
up; flexibility; CMJ; sprint; agility) with 3 min of recovery between different test types to
minimize fatigue effects. On test day, participants were allowed an additional warm-up
attempt before official recording.

Test:

- Counter Movement Jump (CMJ) and Counter Movement Jump with Arm Swing
(CMJA). The players performed three consecutive vertical jumps from a standing
position, which were measured using the Optojump System (96 LEDs, 1.0416 cm
resolution, Microgate, Bolzano, Italy). The system allowed precise measurement of the
jump height by analyzing the flight time of each jump [22]. The highest jump among
the three attempts was recorded for analysis. Arm movements were standardized:
in CMJ, arms remained positioned on the hips throughout the movement, while in
CMJA, free arm swing was permitted to assess coordination improvements. These
tests were selected as they evaluate lower limb power and coordination, fundamental
components for soccer performance, particularly in jumping for headers and explo-
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sive movements [23]. Slinde and colleagues [24] showed a high test–retest stability
coefficient (range 0.80–0.98) for CMJ performances.

- 15-Meter Linear Sprint (LS) and 15-Meter Sprint with Ball Control (LSB). For the sprint
test, the players completed a 15 m linear sprint in the shortest possible time. These
tests measure fundamental speed capabilities and technical-coordinative abilities
essential for soccer performance, with the ball control variant specifically assessing the
integration of technical skills under speed demands [25]. The time spent in the sprint
test was detected by a photocell system (Witty, Microgate, Bolzano, Italy). The fastest
time among multiple trials was recorded for analysis. Altmann and colleagues [26]
showed a high test–retest stability for these tests.

- 15-Meter Agility Test (AT) and 15-Meter Agility Test with Ball Control (ATB). Agility
was assessed using a 15 m slalom sprint. These tests evaluate the ability to change
direction rapidly, a crucial skill in soccer for evading opponents and creating space,
with the ball variant assessing technical execution under coordinative demands [25].
The time spent in the sprint test was detected by a photocell system (Witty, Microgate,
Bolzano, Italy). The fastest time among multiple trials was recorded for analysis.
Altmann and colleagues [26] showed a high test–retest stability for these tests.

- Sit and Reach Test (SeR). Lower limb and spine flexibility were evaluated using the
Sit and Reach test. Players sat with their legs extended and their feet resting on a
graduated panel, and their best maximum forward reach distance among multiple
attempts was measured [27]. This test was included as flexibility is important for
injury prevention and overall movement quality in young athletes.

2.3. Statistical Analysis

Variables were not normally distributed, even after natural log transformation. Thus, a
non-parametric Kruskal–Wallis test for independent samples was used to detect differences
among age groups. Considering the total number of five groups and the smallest group
sample size, a post hoc power analysis conducted with G*Power (v 3.1.9.7) indicated a
statistical power of 0.93 for detecting a large effect size (f = 0.40), with an alpha error
probability of 0.05.

Since significant differences between younger and older athletes could be expected
due to athletes’ growth, the post hoc analysis by the non-parametric Mann–Whitney U
test was employed to determine whether differences existed only between adjacent age
categories (U9 vs. U10, U10 vs. U11, U11 vs. U12, U12 vs. U13). To investigate differences
within the same age category, the Kruskal–Wallis test for independent samples was used to
assess differences among all subgroups. For parameters showing significant differences,
post hoc comparisons between subgroups (Y vs. O) within each age category (e.g., U9Y
vs. U9O, U10Y vs. U10O, etc.) were conducted using the Mann–Whitney U test. Statistical
significance was set at p ≤ 0.05. The same statistical procedure was then applied to detect
significant differences between the subgroups classified according to birth quarter.

3. Results

3.1. Differences Between Age Groups

Kruskal–Wallis test showed significant differences among groups in all measured
variables (p < 0.01); thus, the Mann–Whitney post hoc test between categories of adjacent
ages was performed for each parameter. The p-values and their effect size [28] are reported
for significant results. For CMJ, a significantly greater jump height in U12 was observed
compared to U11, with a small-to-medium effect size (p = 0.032, η2 = 0.052) (Figure 1a). In
the CMJA, a significantly better performance of medium effect size was observed in U10
compared to U9 (p = 0.045, η2 = 0.074), and in U12 compared to U11 (p = 0.022, η2 = 0.059),
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suggesting that age accounts for a moderate proportion of the variability in CMJA for
these groups (Figure 1b). In the 15m LS test, U10 showed significantly faster sprint times
than U9 (p = 0.01, η2 = 0.124) and U13 outperformed U12 (p < 0.01, η2 = 0.388), indicating
a medium-to-large effect size (Figure 1c). In the 15m LSB test, significant differences in
medium-to-large effect size were observed in the oldest groups, with faster sprint times in
U12 compared to U11 (p < 0.01, η2 = 0.199) and in U13 compared to U12 (p = 0.01, η2 = 0.087)
(Figure 1d). In the AT, significantly better performance was observed in U10 compared to
U9 (p < 0.01, η2 = 0.199) and in U13 compared to U12 (p < 0.01, η2 = 0.284); both effects
were large, indicating that group differences were substantial (Figure 1e). In the ATB, a
significantly faster time of medium-to-large effect size was found in U10 compared to U9
(p = 0.01, η2 = 0.12), in U12 compared to U11 (p < 0.01, η2 = 0.133) and in U13 compared to
U12 (p = 0.016, η2 = 0.075); indicating that the group differences were meaningful (Figure 1f).
Finally, in the SeR test, a significantly greater flexibility was observed in U9 compared to
U10 (p < 0.01, η2 = 0.126), and in U11 compared to U12 (p = 0.049, η2 = 0.043), indicating a
medium effect for the first comparison and a small effect for the second one (Figure 1g).
The median values and interquartile ranges of all groups are shown in Table 1.

Figure 1. Cont.
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Figure 1. Median values and interquartile range of the five age groups. (a) CMJ with blocked arms.
(b) CMJ with arm swing; (c) 15 m linear sprint without ball; (d) 15 m linear sprint with ball; (e) Agility
test without ball; (f) Agility test with ball; (g) Sit and Reach test. Significant differences between
adjacent age groups: * p ≤ 0.05; ** p ≤ 0.01.

Table 1. Median and interquartile range values of age groups.

Groups CMJ [cm] CMJA [cm] LS [s] LSB [s] AT [s] ATB [s] SeR [cm]

U9 19.3
[17.5–19.7]

20.3
[18.7–20.7] *

3.37
[3.16–3.64] *

3.88
[3.66–4.4]

3.93
[3.66–4.33] *

5.62
[4.82–6.85] *

0 [−4–+2] *

U10 19.5
[17.1–19.9]

22.4
[19.5–24.6]

3.2
[3.11–3.31]

3.8
[3.59–3.99]

3.53
[3.44–3.64]

5.01
[4.75–5.38] −3 [−6–−2]

U11 20.3
[17.5–21.6] *

23.4
[18.7–25.6] *

3.2 [3.0–3.3] 3.65
[3.48–3.8] *

3.65
[3.38–3.86]

4.92
[4.52–5.25] *

−5 [−8–+2]
*

U12 21.6
[18.8–26.0]

24.1
[21.4–29.8]

3.18
[3.06–3.3] *

3.39
[3.28–3.55] *

3.54
[3.4–3.65] *

4.49
[4.21–4.79] *

−7.5
[−11.3–−2]

U13 23.1
[21.4–25.7]

26.4
[24.7–28.2]

2.93
[2.77–3.04]

3.25
[3.1–3.37]

3.25
[3.09–3.37]

4.22
[4.0–4.61]

−7
[−12–−3]

CMJ = Countermovement Jump; CMJA = Countermovement Jump with arm swing; LS = Linear Sprint;
LSB = Linear Sprint with ball; AT = Agility test; ATB = Agility test with ball; SeR = Sit and Reach.
* p ≤ 0.05 compared to the subsequent older age category.
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3.2. Differences Within Age Subgroups

The Kruskal–Wallis test showed significant differences among subgroups in all mea-
sured variables (p ≤ 0.01); thus, for each parameter, a Mann–Whitney post hoc test was
performed between subgroups of the same age group.

In the youngest age group (U9), significant differences were observed in the CMJA
test (Figure 2b), with subgroup U9O showing significantly higher scores compared to
U9Y (p = 0.040, η2 = 0.18), while no differences were found in the other tests. Among all
age groups, U10 athletes showed the greatest number of differences between the two age
subgroups. Specifically, subgroup U10O showed significantly better performance in both
the CMJ (Figure 2a) (p = 0.019, η2 = 0.175) and CMJA tests (Figure 2b) (p = 0.033, η2 = 0.144)
compared to U10Y. Moreover, U10O athletes also showed significantly better sprint times
in the LSB (Figure 2d) test than those in U10Y (p = 0.033, η2 = 0.144). In the U11 group,
differences between subgroups were found only in the LS test (Figure 2c), with athletes
in subgroup U11Y achieving better sprint times than those in subgroup U11O (p = 0.016,
η2 = 0.147). Overall, the effect sizes observed across these significant comparisons were
consistently large, reflecting meaningful differences between subgroups. In the oldest age
groups (U12 and U13), no significant differences were found between subgroups for any of
the assessed parameters. In general, no significant differences between subgroups were
detected in AT (Figure 2e), in ATB (Figure 2f), and in the SeR test (Figure 2g). The median
values and interquartile ranges of all subgroups are shown in Table 2.

 

Figure 2. Cont.
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Figure 2. Median values and interquartile range of the ten age subgroups. (a) CMJ with blocked
arms. (b) CMJ with arm swing; (c) 15 m linear sprint without ball; (d) 15 m linear sprint with ball;
(e) Agility test without ball; (f) Agility test with ball; (g) Sit and Reach test. Significant differences
between adjacent age groups: * p ≤ 0.05.

Table 2. Median and interquartile range values of age subgroups.

Groups Subgroups CMJ [cm] CMJA [cm] LS [s] LSB [s] AT [s] ATB [s] SeR [cm]

U9 U9Y (n = 14) 19.6
[17.5–19.7]

19.9
[18.2–20.4]

3.39
[3.16–3.65]

4.02
[3.71–4.31]

3.93
[3.72–4.33]

5.86
[5.14–7.01]

0.0
[−4.0–+2.0]

U9O (n = 9) 19.2
[17.2–21.0]

20.75
[20.3–24.7] *

3.32
[3.16–3.61]

3.78
[3.55–4.49]

3.84
[3.40–4.43]

5.46
[4.58–5.87]

0.5
[−3.5–+3.8]

U10 U10Y (n = 15) 17.5
[15.6–19.8]

19.5
[17.5–22.6]

3.23
[3.15–3.31]

3.91
[3.70–4.24]

3.57
[3.46–3.71]

5.05
[4.83–5.56]

−5
[−6.0–−3.0]

U10O (n = 16) 19.7
[18.8–21.1] *

22.9
[22.3–28.0] *

3.18
[3.07–3.31]

3.69
[3.54–3.86] *

3.48
[3.43–3.60]

4.95
[4.72–5.18] −3 [−7.5–0.0]

U11 U11Y (n = 15) 20.3
[16.1–21.0]

24.1
[17.3–25.6] 3.0 [2.92–3.18] 3.65

[3.38–3.74]
3.61
[3.28–3.70]

4.98
[4.72–5.31] −4 [−9.0–0.0]

U11O (n = 24) 20.3
[18.1–22.9]

23.0
[19.7–26.2]

3.23
[3.04–3.42] *

3.67
[3.51–4.01]

3.69
[3.39–3.88] 4.9 [4.46–5.10] −5.5

[−8.0–+2.8]

U12 U12Y (n = 22) 20.5
[19.0–24.3]

23.6
[21.3–28.8]

3.18
[3.12–3.34]

3.41
[3.28–3.57]

3.56
[3.48–3.66]

4.64
[4.40–4.83]

−7.5
[−12.8–−2.8]

U12O (n = 20) 22.4
[18.6–28.0]

25.7
[21.2–31.0]

3.15
[3.03–3.24]

3.35
[3.22–3.55]

3.465
[3.27–3.65]

4.405
[4.19–4.75]

−7.5
[−12.8–−0.3]

U13 U13Y (n = 22) 23.2
[21.7–25.0]

27.1
[25.1–28.2]

2.97
[2.79–3.09]

3.25
[3.16–3.39]

3.28
[3.08–3.37]

4.215
[4.02–4.62]

−7
[−10.3–−2.3]

U13O (n = 13) 22.8
[20.5–22.8]

25.9
[24.2–28.8] 2.9 [2.74–3.0] 3.25

[3.08–3.39]
3.21
[3.06–3.36]

4.27
[3.95–4.72]

−6
[−13.0–−3.0]

CMJ = Countermovement Jump; CMJA = Countermovement Jump with arm swing; LS = Linear Sprint;
LSB = Linear Sprint with ball; AT = Agility test; ATB = Agility test with ball; SeR = Sit and Reach. Subgroup Y is
younger than subgroup O. * p ≤ 0.05 compared to the corresponding subgroup of the same age category.
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No significant differences were detected from the explorative analyses based on birth
quarter, except for the LSB (U12-born Q4 (n = 12) vs. U11-born Q1 (n = 14): 3.41 ± 0.33 vs.
3.78 ± 0.38; p = 0.006, η2 = 0.27), indicating a very large effect size. However, given the
limited sample size, these results should be treated with caution.

4. Discussion

The findings of this research indicate age-related differences in motor tests with
medium to large between-group effects for all adjacent ages for speed and agility, while
improvements in ball-involving tasks appear only in later ages. These outcomes are
consistent with other studies in the literature, demonstrating that some performance
markers follow a relatively predictable pattern of improvement, yet are modulated by
factors such as motor control, training adaptation, and biological maturation [3,6]. Indeed,
for linear sprint and agility tests without the ball, adjacent age-group comparisons showed
medium-to-large effects, whereas the ball-involving tasks version shifted these effects only
toward older groups (U10–U11, U11–U12). On the other hand, jump performance generally
improved with a smaller magnitude of effects. These, taken together, support the non-
linear pattern in early adolescence consistent with other longitudinal studies accounting
for accelerations and plateaus regarding pre-adolescence [3,6,29,30]. Semester subgrouping
analyses revealed meaningful differences primarily in the younger categories (e.g., from
9 to 11 years old, differences in several tests have a large magnitude with η2 comprised
between 0.14 and 0.18), while no differences were observed in U12-U13. On the other
hand, trimester analysis was explorative to verify the magnitude of changes. Indeed, the
absence of consistency in the analysis suggest the non-linear trajectory changes that are
more evident at the semester level. However, due to the sample size limitation and the
contextual factors possible interference with the skill development path, trimester results
should be interpreted cautiously [29].

In the considered sample, the within-age pattern is consistent with the over-
representation of earlier-born athletes reported in youth soccer [20,21]. That is consistent
with the literature, where a six-month age gap is associated with detectable differences
only for non-complex explosive tasks among the youngest categories. However, due
to subgroup sizes being modest and effects not being uniform, these differences should
be interpreted cautiously. Moreover, the yearly semester division comparisons showed
that the older categories outperformed the younger, in accordance with the Italian elite
benchmarks [20]. Indeed, in Italy, RAEs are pronounced in top youth categories, tending
to attenuate toward Serie A, which is consistent with our pattern [20,21]. This picture
supports the interpretation that in younger groups, maturational advantages could induce
early selection bias that then will cushion with age [21]. Despite that, differences were
measure-specific and not consistent across all outcomes. Indeed, beyond maturational
timing, semester-based differences might reflect selection and opportunity mechanisms that
advantage relatively older players within the cut-off system. Accordingly, soccer evidence
shows an over-representation of early born athletes, with magnitudes peaking during
adolescence, being consistent with greater exposure, competitive minutes and perceived
competence, reinforcing development over time [31,32]. On the other hand, within U11,
the younger subgroup was faster in the linear sprint test than the older counterpart. This
pattern could be interpreted in light of the non-linear variation typical of early adolescence
that is characterized by spurts and plateau in terms of physical skills maturation, especially
in easier tasks [6,29]. Accordingly, this difference might reflect the contextual influences
that can modulate performance appearance and RAE prevalence [33].

To account for this mismatch between age groups, several authors propose other
grouping strategies, challenging conventional cutoffs. For instance, Lovell [15] proposed
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using markers of physical maturity (height, weight, and body composition), while Per-
roni [34] and Malina [35] emphasize skeletal or pubertal assessments to refine groupings.
Others, such as Malina [36], suggest classification based on skill level, and Sierra-Díaz
with colleagues [32] propose introducing a quota system for later-born players to ensure
equal opportunities. These approaches may help clubs promote talent discovery and tailor
training to individual skills development. Nevertheless, power and speed development,
including object control (e.g., dribbling), appear to benefit from significant differences
between the ages of 10 and 12. These findings are consistent with models hypothesizing
that strength and endurance often precede the emergence of fine coordination skills [29,30].
With adequate muscle capacity, players may be better equipped to adapt to drills demand-
ing complex footwork, rapid decision-making, and sensorimotor integration [37].

Together, the results reported here should help to contextualize the group considered:
large quarter/semester gaps in pre-adolescence are typical in competitive pathways but
should be managed to avoid talent loss among relatively younger players. Potentially, in
daily practical work, athletes’ selection could be influenced more by multiple checkpoints
and development trajectories rather than absolute values, given the athlete-specific skill
improvements during adolescence [3,6]. Indeed, given that senior-level RAE focuses
during career beginning, reducing early selection pressure in preadolescence may help
contextualize evaluation in similar settings.

Limitations

Subgrouping strategy (i.e., half-year cohorts and birth quarters) reduced the size
of each subgroup, which may have masked additional differences. Moreover, the cross-
sectional design provides only a snapshot of each athlete’s development, limiting the
possibility to identify individualized trajectories over time. The lack of maturation mark-
ers (e.g., height, weight, skeletal age, etc.) has to be addressed as a barrier for gen-
eralizability. This study did not assess passing, shooting, or tactical decision-making,
with ball-involving tests being considered as dribbling-related tests appropriate for 8 to
12-year-old groups. Finally, findings must be interpreted in light of the single-club male-
only, cross-sectional design.

5. Conclusions

This study shows a progressive, though not strictly linear, path of motor development
in youth soccer. Indeed, despite motor performance improving between each consecutive
age group, the gain magnitude was not linear (e.g., ball-involving tasks tend to consolidate
later) [3]. Semester grouping revealed meaningful differences in younger categories, while
trimester contrasts were mainly trivial. When involving the ball, skills tend to consolidate
later than easier speed and power. Therefore, potential practical implications should be
modest and context-specific for clubs and academies.

Future Directions

To clearly map growth-related changes, a longitudinal design with larger samples
should be adopted to track within-player paths and quantify how motor performance and
the RAE evolve over time. It would also be valuable to account for the role of external
factors such as training consistency, injury history, training disruptions when interpreting
these outcomes [33]. Finally, future studies should include validated technical skills (e.g.,
passing, shooting) and game-based measures (e.g., decision-making tools) to delineate
object involvement in these fields. With this strategy accounting for longer times and
greater samples, a better understanding of motor-skill progression will be achieved.
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Abstract: The present study investigated the effect of inter-limb asymmetry and bilateral
indexes (BLIs) in power performance, assessed by squat jump (SJ) and countermovement
jump (CMJ), on sport-specific anaerobic performance. Forty-eight taekwondo athletes
(24 males and 24 females; mean ± SD, age: 19.8 ± 2.1 years) performed randomly, in
separate sessions, SJ and CMJ tests using the right, left, and both legs to determine the
asymmetry and BLI, the 10 s Frequency Speed of Kick Test (FSKT10s), and its multiple
version (FSKTmult). FSKT10s was positively correlated with CMJ asymmetry (ρ = 0.299,
p = 0.039, low) and SJ BLI (r = 0.596, p < 0.001, large), and negatively correlated with
CMJ BLI (r = −0.472, p = 0.001, moderate). Similarly, FSKTmult was positively correlated
with SJ BLI (ρ = 0.632, p < 0.001, large), and negatively correlated with CMJ BLI (ρ =
−0.532, p < 0.001, large). CMJ and SJ BLI explained 45.9% of the variance of the FSKT10s

performance, whilst they explained 55.7% of the variance of FSKTmult performance. These
results highlight the importance of managing both interlimb asymmetry and bilateral deficit
indexes to achieve better performance by improving the strength of the non-dominant
leg and using exercises that are performed bilaterally despite unilateral movements being
predominant in taekwondo, which can potentially enhance the effectiveness in sport-
specific actions

Keywords: asymmetry; performance; strength; correlation; combat sports

1. Introduction

Sports performance generally includes unilateral or bilateral motor tasks that may
result in differences between limbs in terms of force and power output [1]. Inter-limb
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asymmetry—defined as the imbalance in performance between limbs—is a common phe-
nomenon, which particularly characterizes athletes practicing unilateral sports [2]. Several
factors were found to explain this asymmetry such as training routines that emphasize
unilateral movements, inducing strength imbalances, altered movement patterns, and
motor learning adaptations that favor the dominant limb [3]. These adjustments can result
in enhanced muscle strength, flexibility, and coordination on the dominant limb, although
the non-dominant side may continue to be undeveloped [3]. From a neuromuscular point
of view, lateral dominance is considered to represent the functional specialization of the
brain’s left or right hemispheres [4]. Moreover, in addition to training factors, lateral domi-
nance is influenced by contextual factors, task complexity, gender, genetics, and training
factors [3].

Although some level of asymmetry is acceptable in athletes, values greater than 15%
between limbs can negatively impact performance and increase the risk of injury [2]. Bishop,
et al. [5], systematically reviewing the literature related to inter-limb asymmetries and their
effects on physical performance, found that asymmetries in strength appeared to negatively
affect performance activities including change of direction (COD), jumping, and sport-
specific skills such as kicking accuracy. Instead, for jumping-based asymmetries, they found
varied associations between jumps (vertical and horizontal) and CODS performance [5].
In a recent systematic review with meta-analysis [6], inter-limb asymmetries, quantified
through unilateral jumping performance, were found to negatively impact COD and
sprinting, but not jumping performance, in cohorts of athletes, supporting the realization
that asymmetry is task-dependent and the need for multiple assessments to provide a
broad profile of the athlete’s asymmetry. Additionally, Buoite et al. [1] found that muscle
asymmetries in male soccer players were associated with performance metrics such as
the countermovement jump (CMJ) and tensiomyography, which could influence athletic
performance and injury prevention strategies.

As well, the concept of bilateral index (BLI)—which determines whether force gener-
ated bilaterally is less than or larger than the sum of unilateral forces— also varies in its
effect depending on the type of sport. Specifically, Železnik, et al. [7] reported that bilateral
deficit (BLD) can induce positive effect in tennis, basketball, and volleyball, while it is
undesirable in other sports like judo.

The implications of asymmetry and bilateral indexes are less well understood in
combat sports. While taekwondo research has shown a strong correlation between body
composition asymmetries and performance in high-intensity kick tests [i.e., the frequency
speed of kick test (FSKT)] [8], judo studies have found that bilateral asymmetry has a
negative impact on performance in the Special Judo Fitness Test (SJFT) [9]. For BLI, studies
investigating its relationship with performance in combat sports are limited to judo [10,11].
Negative correlations were observed between bilateral deficit (BLD) in CMJ performance
metrics and SJFT performance [10]. Conversely, the BLI in the maximal handgrip strength
test was not found to be related to SJFT performance in judo athletes [11].

Taekwondo is a full-contact open combat between two athletes that generates the inter-
mittency of the activity in which high-intensity actions (kicks and punches), low-intensity
actions (such as skipping), and pauses alternate [12,13]. A wide variety of unilateral techni-
cal actions can be observed in current taekwondo combat [14,15]. In addition, athletes must
move faster during the combat to keep up with the average match pace imposed by the
opponents [16,17], and agility is required to quickly execute technical-tactical movements
in multidirectional planes [18]. Thus, the presence of inter-limb asymmetry in power
performance and sport-specific anaerobic performance could potentially compromise the
athlete’s competition performance considering the relationship between the ability to repeat
short high-intensity efforts and scoring actions. In addition, it could lead to an increased
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risk of injury as taekwondo training largely assumes repetition of typical unilateral and
multidirectional technical-tactical actions. In taekwondo, both asymmetry and bilateral
indexes have never been investigated although its relationship to performance in other
sports contexts is well documented [9,19–21].

In this sense, the aim of this study was to investigate the influence of inter-limb asym-
metry and bilateral strength deficit in power performance, assessed by squat jump (SJ) and
countermovement jump (CMJ), on sport-specific anaerobic performance, by performing the
FSKT, in high-level taekwondo athletes. We hypothesized that anaerobic test performance,
as measured by both ten seconds frequency speed of kick test (FSKT10s) and its multiple
version (FSKTmult), could be affected negatively by both asymmetry and bilateral indexes
measured by jumping tests.

2. Materials and Methods

2.1. Study Design

This is a cross-sectional study design in which taekwondo athletes were assessed using
jumping and technique-specific tests to assess the asymmetry and bilateral (BLI) indexes
and their relationship with anaerobic-specific taekwondo performance as assessed using
the frequency speed of kick test (FSKT).

2.2. Participants

An a priori power analysis (G*Power 3.1.9.7; Heinrich Heine University in Düsseldorf,
Germany) indicated that a total sample of 29 subjects would be required with the following
settings: bivariate normal model test, two-tailed, power of 0.80, α-value of 0.05, and a
correlation of r = 0.50. Forty-eight taekwondo athletes (24 males and 24 females; mean ± SD,
age: 19.8 ± 2.1 years, body mass: 62.2 ± 9.4 kg, height: 179.3 ± 9.5 cm, training experience:
8 ± 1 years) volunteered to participate in the present study. To be eligible, athletes should
met the following inclusion criteria: (i) they were training four to five times per week,
(ii) they were competing regularly during the last 2 years, (iii) athletes were asked to
follow the same diet, avoid strenuous exercises, and refrain from caffeine consumption
(in drinks and supplements) or any other ergogenic resources during the 48 h before
each session, (iv) athletes were not under any weight-loss protocol during the period of
experimentation, and (v) for female athletes, only those who were in their follicular phase
of the menstrual cycle with a regular cycle duration, defined as a variation lower than
3 days in the range of their menstrual cycles’ length [22] for the previous 2 months, were
included. After a detailed explanation of the study’s aims and risks, both parents and
athletes provided written informed consent. The study was conducted in accordance with
the latest Declaration of Helsinki [23] for human experimentation, followed the ethical
standards outlined in the Publication Manual of the American Psychological Association [24]
and was approved by the Local Research Ethics Committee [Comité de Protection des
Personnes SUD (CPP SUD) No. 0332/2021] before data collection.

2.3. Procedures

Athletes were well familiarized with the testing procedures (72 h before starting
the experiment) and all assessments were conducted at the end of season, at the same
time of day as the training sessions (18:00–20:00 h) to avoid any diurnal variation in the
performance. Athletes performed randomly, in separate sessions, the squat jump (SJ),
countermovement jump (CMJ) tests using the right, left, and both legs, the 10 s frequency
of speed kick test (FSKT10s), and its multiple version (FSKTmult). Before each testing
session, athletes performed 10 min of a standardized warm-up session consisting of light
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runs followed by dynamic stretching and submaximal jumps/technical executions for
jumping/kicking testing sessions, respectively (Figure 1).

 
Figure 1. Schematic representation of the study design.

2.4. Measures
2.4.1. Squat Jump Test

From a stationary, semi-squatting position on the right (SJR), left (SJL), or both legs
(SJBL), athletes jumped as maximum as possible without arm swing [25] using an infrared
jump system (Optojump Next version 1.6.10, Microgate, Bolzano, Italy). Three tests were
performed for each mode with 45 s as recovery interval between trials, and the best
performance was retained for analysis. The intra-class correlation coefficient (ICC) for
test–retest trial with the right, left, and both legs for the present study was 0.82, 0.84, and
0.93, respectively. The coefficient of variation (CV) was 7.42, 6.21, and 4.75%, respectively.

2.4.2. Countermovement Jump Test

From a standing position on the right (CMJR), left (CMJL), or both legs (CMJBL), ath-
letes performed a quick downward movement by flexing the knees and hips immediately
followed by a rapid extension of these joints while keeping their hands on their waists.
No lower limb flexion or arm swing in the upward phase was allowed [25,26]. The CMJ
test was performed using an infrared jump system (Optojump Next version 1.6.10, Micro-
gate, Bolzano, Italy). Three tests were performed for each mode with 45 s as the recovery
interval between trials, and the best performance was retained for analysis. The ICC for
test–retest trial with the right, left, and both legs for the present study was 0.83, 0.79, and
0.91, respectively. Moreover, CV was 5.86, 5.27, and 7.33%, respectively.

2.4.3. Ten s Frequency Speed of Kick Test

The test consisted of performing the maximum number of bandal-chagi, executed
against a bag at the trunk height by alternating legs for ten seconds [27,28]. The ICC and
CV for test–retest trial for the present study were 0.90 and 7.81%, respectively.
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2.4.4. Multiple Frequency Speed of Kick Test

Each athlete performed five sets of FSKT10s alternating both legs, with a ten-second
rest interval between repetitions [27,28], and the total number of techniques was used for
subsequent analysis. The ICC and CV for test–retest trial for the present study were 0.88
and 8.02%, respectively.

2.4.5. Interlimb Asymmetry and Bilateral Indexes from Jumping Tests

Interlimb asymmetry was quantified as the percentage of difference between the
stronger and weaker limb using Equation (1) previously proposed [29]:

Interlimb asymmetry (%) = (Stronger limb − Weaker limb)/Stronger limb × 100 (1)

The bilateral index (BLI), expressed as a percentage, was calculated using Equation (2)
as previously proposed [30]:

BLI (%) = 1 − (bilateral/(right + left)) × 100 (2)

A positive percentage score indicates the presence of a bilateral facilitation (BLF) where
the bilateral performance is superior to the summed unilateral performances, whereas a
negative percentage is indicative of a bilateral deficit (BLD) [31].

2.5. Statistical Analyses

Statistical analysis was performed using SPSS 20.0 statistical software (SPSS Inc.,
Chicago, IL, USA). The normality of datasets was checked and confirmed using the Shapiro–
Wilk test. Spearman’s correlation coefficient (ρ) was used between FSKT10s performance
and the asymmetry indexes from CMJ and SJ, and between FSKTmult and the asymmetry
and bilateral strength indexes from CMJ and SJ. Pearson’s product-moment correlation
coefficient (r) was used to examine relationships between FSKT10s performance and bi-
lateral strength indexes from CMJ and SJ. Magnitude of correlation was determined as
trivial when r < 0.1, low 0.1–0.3, moderate 0.3–0.5, large 0.5–0.7, very large 0.7–0.9, nearly
perfect > 0.9, or perfect = 1 [32]. Multiple regression analyses were used to establish the
relationship between the dependent variables (FSKT10s and FSKTmult) and the independent
variables (SJ and CMJ asymmetry indexes and SJ and CMJ bilateral strength indexes),
based on collinearity principles [33]. The correlation coefficient value was determined
and the coefficient of determination (R2) was calculated to determine the proportion of
the variability in the independent variables explained by the dependent variables. The
standard error of estimate (SEE) of each equation is also presented. Statistical significance
was set at p < 0.05.

3. Results

Figure 2 presents the correlations between technical performance, asymmetry, and
bilateral indexes during jumping tests.

Regression analyses showed that ten seconds frequency speed of kick test (FSKT10s)
performance could be partially predicted from CMJ and SJ bilateral indexes using the
following Equation (3):

FSKT10s (n◦) = 19.16 − 0.109 (CMJ-BLI in cm) + 0.081 (SJ-BLI in cm), r = 0.677, R2 = 0.459, SEE = 1.909, and p < 0.001 (3)

Regression analyses showed that multiple sets of frequency speed of kick test
(FSKTmult) performance could be partially predicted from CMJ and SJ bilateral indexes
using the following Equation (4):

FSKTmult (n◦) = 93.008 − 0.587 (CMJ-BLI in cm) + 0.428 (SJ-BLI in cm), r = 0.747, R2 = 0.557, SEE = 7.966, and p < 0.001 (4)
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Figure 2. Correlations between technical performance, asymmetry, and bilateral indexes (BLIs)
during squat jump (SJ) and countermovement jump (CMJ) tests. FSKT: frequency speed of kick test.

4. Discussion

This study explored the relationship between taekwondo-specific tests [ten seconds of
frequency speed of kick test (FSKT10s) and its multiple sets version (FSKTmult)], interlimb
asymmetry, and bilateral strength deficit (BLD) assessed by vertical jump tests (i.e., CMJ
and SJ) in high-level taekwondo athletes. The main findings showed that CMJ and SJ BLI
explained 45.9% of the variance of the FSKT10s performance, whilst they explained 55.7%
of the variance of FSKTmult performance confirming the hypothesis of the present study.

The FSKT is an important test, which has been explored over the last few years, con-
sidering performance in taekwondo based on construct classificatory tables [34], reliability,
sensitivity, and construct validity [27], group discrimination between competitive lev-
els [35], post-activation potentiation conditioning [36,37], and correlated with performance
in the CMJ [38]. Based on these aspects, the FSKT is an excellent alternative to assess the
anaerobic fitness of taekwondo athletes in an intermittent and sport-specific mode. The
FSKT (10 s and multiple) performance could be partially predicted from CMJ and SJ bilat-
eral strength indexes. The neural responses, reflecting the imbalance between unilateral
and bilateral performance, can be explained by the CMJ and SJ tests. This relationship is
evident in the specific equations derived from the FSKTmult and FSKT10s performance.

The use of vertical jump tests as an indicator of interlimb asymmetry, based on the
jump height metric [39], is a good alternative to assess the imbalance between limbs in
high-level athletes [5,40], considering different sports modalities [5], and more recently,
combat sports athletes [9,41]. The relationship between FSKT10s and FSKTmult and interlimb
asymmetry demonstrated that the high number of kicks performed at high intensity is
related to the high values of interlimb asymmetry assessed by the CMJ and SJ tests. This
suggests that the repetitive nature of kicking with one leg can lead to greater strength and
performance discrepancies between the dominant and non-dominant legs.
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It is well known that due to the nature of the taekwondo modality, athletes are expected
to present structural and functional asymmetries due to long-term specialized training
since the kicks performed during specific tasks are performed unilaterally [40,42]. In this
sense, the aspect of dominance significantly influences taekwondo performance giving that
athletes normally have one side stronger than the other and consequently superior strength
and power on the dominant kicking side.

From a psychopathological perspective, various factors can contribute to asymmetry
and bilateral deficit in motor performance by disrupting the brain’s ability to coordinate
and control movement symmetrically [43]. Neurological conditions, such as those resulting
from previous injuries, can impair the brain’s control over one side of the body more
than the other, leading to imbalances in tasks that require bilateral coordination [44].
This imbalance might manifest in taekwondo as uneven kicking power or poor balance
when performing moves that rely on both sides. Additionally, psychological factors,
including anxiety or stress, can also affect motor performance by increasing muscle tension
or disrupting fluid movement [45], which may result in uneven performance between the
left and right sides of the body. Furthermore, cognitive dysfunctions related to conditions
like depression can impact executive functions such as focus, task-switching, and decision-
making [46] which are crucial in high-intensity sports like taekwondo. Consequently,
these psychopathological factors can provide valuable insight into the correlation between
asymmetry and bilateral deficit in jumping performance and specific performance in
taekwondo by influencing both the motor and cognitive systems essential for executing
symmetric movements.

In specific performance, Liu et al. [42] reported that during a double roundhouse
kick in sub-elite taekwondo athletes, there was a difference between dominant and non-
dominant side in term of maximum knee flexion angle and the peak linear velocity of
attack of the foot in the vertical hitting direction for the attacking leg and the peak hip
extension moment for the supporting leg. Furthermore, in terms of strength, studies
have shown significant differences between preferred and non-preferred legs in female
taekwondo athletes [47] and in a mixed sample of athletes [48]. Similarly, Harbili et al. [49]
reported that, in elite male and female taekwondo athletes, isometric hamstring strength
was greater in the dominant leg by 15% for male athletes and 11% for female athletes
aligning with the expected outcomes of unilateral training. However, the same study
reported no significant differences in isokinetic and isometric knee strength between the
dominant and non-dominant legs in male and female athletes reporting the absence of
bilateral knee strength asymmetry.

Conversely, in terms of body composition, Ojeda-Aravena et al. [8] showed a negative
relationship between body composition asymmetry and performance in FSKT; however, the
values of body composition asymmetry were very low and did not reflect the asymmetry
observed in unilateral physical tests in this study for example.

The bilateral index of strength measures force production in both unilateral and bi-
lateral performance [7] across various tasks, such as isometric leg extension [50], vertical
jump tests [10], and isometric handgrip strength tests [11]. Negative values in these tests
indicate a bilateral deficit, whilst positive values suggest neuromuscular facilitation [7]. In
this study, a negative relationship was found between the bilateral index and FSKT per-
formance in both protocols. Specifically, a high negative bilateral index in CMJ negatively
impacted FSKT performance. Practically, this suggests that taekwondo athletes need to be
strong, stable, and powerful in both limbs to maximize their chances of successful defense
and attacks during taekwondo-specific actions [42]. Therefore, it may be advantageous to
reduce the bilateral deficit (i.e., improve bilateral jumping relative to unilateral jumping) to
optimize taekwondo-specific performance, like the findings observed recently in judo [10].
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Based on the results of the present study, coaches and strength and conditioning
trainers should consider incorporating unilateral training exercises focusing not only to
enhance the strength of the dominant leg but also to address the non-dominant leg to
reduce interlimb asymmetry and thus maintain a balanced athletic profile and optimize
overall specific performance. Additionally, conditioning training programs should be
oriented to address the bilateral strength deficit by using exercises that are performed
bilaterally (e.g., implementing bilateral strength exercises and ensuring that both legs are
equally engaged and capable of generating force during training) irrespective of unilateral
movements. This can improve the symmetry in terms of force production across both legs
which may enhance performance in taekwondo-specific movements and may potentially
enhance their kicking power and overall effectiveness.

Limitations and Future Perspectives

Although our study offers novel information, several limitations must be acknowl-
edged. Firstly, during CMJ and SJ tests, only jump height was used to calculate asymmetry
and bilateral indexes. In this sense, other metrics (e.g., power, velocity) might be measured
to increase the amount of relevant information and insights that can be derived from the
tests. Secondly, Fox et al. [6] indicated that asymmetry is task-dependent and there is
a need for multiple assessments to provide a broad profile of the athlete’s asymmetry.
Therefore, it might be important to expand the present investigation by also using another
taekwondo sport-specific test, such as the TSAT, as during combat, agility is required to
quickly execute technical-tactical movements in multidirectional planes [18]. Finally, a
limitation in studying asymmetry and bilateral deficit in this study is the lack of taking sex
factor into consideration. Sex plays a crucial role in muscle properties, including differences
in muscle mass, strength, and endurance between males and females. These variations
may influence the degree of asymmetry and bilateral deficit observed in athletes. Future
studies can be conducted using electromyography and tensiomyography to explore the
neuromuscular mechanisms underlying the observed relationships between jump asymme-
tries/bilateral indexes and anaerobic kicking performance in taekwondo athletes. This may
help to explore whether this difference between the dominant and non-dominant leg during
jumping is due to neural mechanisms (e.g., muscle activation timing, recruitment patterns)
or contractile muscles’ characteristics (e.g., stiffness, contraction time, and relaxation time).

5. Conclusions

The present study showed that performance in FSKT10s was positively correlated with
CMJ asymmetry and SJ BLI and negatively correlated with CMJ BLI, and that FSKTmult

was positively correlated with SJ BLI, and negatively correlated with CMJ BLI. In addi-
tion, CMJ and SJ BLI explained 45.9% of the variance of the FSKT10s performance, whilst
they explained 55.7% of the variance of FSKTmult performance. These results highlight
the importance of managing both interlimb asymmetry and bilateral indexes to achieve
better performance.
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Abbreviations

BLI Bilateral index
SJ Squat jump
CMJ Countermovement jump
FSKT10s Ten s Frequency Speed of Kick Test
FSKTmult Multiple Frequency Speed of Kick Test
FSKT Frequency Speed of Kick Test
TSAT Taekwondo-Specific Agility Test
COD Change of direction
SJR Squat jump with right leg
SJL Squat jump with left leg
SJBL Squat jump with both legs
CMJR Countermovement jump with right leg
CMJL Countermovement jump with left leg
CMJBL Countermovement jump with both legs
ICC Intra-class correlation coefficient
CV Coefficient of variation
BLF Bilateral facilitation
BLD Bilateral deficit
ρ Spearman’s correlation coefficient
R2 Coefficient of determination
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17. Janowski, M.; Zieliński, J.; Kusy, K. Exercise Response to Real Combat in Elite Taekwondo Athletes Before and After Competition
Rule Changes. J. Strength Cond. Res. 2021, 35, 2222–2229.

18. Chaabene, H.; Negra, Y.; Capranica, L.; Bouguezzi, R.; Hachana, Y.; Rouahi, M.A.; Mkaouer, B. Validity and Reliability of a New
Test of Planned Agility in Elite Taekwondo Athletes. J. Strength Cond. Res. 2018, 32, 2542–2547.

19. Arboix-Alió, J.; Buscà, B.; Busquets, A.; Aguilera-Castells, J.; de Pablo, B.; Montalvo, A.M.; Fort-Vanmeerhaeghe, A. Relationship
between Inter-Limb Asymmetries and Physical Performance in Rink Hockey Players. Symmetry 2020, 12, 2035. [CrossRef]

20. Bishop, C.; Brashill, C.; Abbott, W.; Read, P.; Lake, J.; Turner, A. Jumping Asymmetries Are Associated With Speed, Change of
Direction Speed, and Jump Performance in Elite Academy Soccer Players. J. Strength Cond. Res. 2021, 35, 1841–1847.

21. Loturco, I.; Pereira, L.A.; Kobal, R.; Abad, C.C.; Rosseti, M.; Carpes, F.P.; Bishop, C. Do asymmetry scores influence speed and
power performance in elite female soccer players? Biol. Sport 2019, 36, 209–216. [CrossRef]

22. Lara, B.; Gutiérrez-Hellín, J.; García-Bataller, A.; Rodríguez-Fernández, P.; Romero-Moraleda, B.; Del Coso, J. Ergogenic effects of
caffeine on peak aerobic cycling power during the menstrual cycle. Eur. J. Nutr. 2020, 59, 2525–2534. [CrossRef] [PubMed]

23. World Medical, A. World Medical Association Declaration of Helsinki: Ethical Principles for Medical Research Involving Human
Subjects. JAMA 2013, 310, 2191–2194. [CrossRef]

24. American Psychological Association. Publication Manual of the American Psychological Association, 7th ed.; American Psychological
Association: Washington, DC, USA, 2020. [CrossRef]

25. Markovic, G.; Dizdar, D.; Jukic, I.; Cardinale, M. Reliability and Factorial Validity of Squat and Countermovement Jump Tests. J.
Strength Cond. Res. 2004, 18, 551–555. [PubMed]

26. Bishop, C.; Read, P.; Lake, J.; Chavda, S.; Turner, A. Interlimb Asymmetries: Understanding How to Calculate Differences From
Bilateral and Unilateral Tests. Strength Cond. J. 2018, 40, 1–6.

27. Ferreira da Silva Santos, J.; Lopes-Silva, J.P.; Loturco, I.; Franchini, E. Test-retest reliability, sensibility and construct validity of the
frequency speed of kick test in male black-belt taekwondo athletes. Ido Mov. Culture. J. Martial Arts Anthropol. 2020, 20, 38–46.

28. Apollaro, G.; Ouergui, I.; Rodríguez, Y.Q.; Kons, R.L.; Detanico, D.; Franchini, E.; Ruggeri, P.; Falcó, C.; Faelli, E. Anaerobic
Sport-Specific Tests for Taekwondo: A Narrative Review with Guidelines for the Assessment. Sports 2024, 12, 278. [CrossRef]

29. Impellizzeri, F.M.; Rampinini, E.; Maffiuletti, N.; Marcora, S.M. A vertical jump force test for assessing bilateral strength
asymmetry in athletes. Med. Sci. Sports Exerc. 2007, 39, 2044. [CrossRef]

30. Rejc, E.; Lazzer, S.; Antonutto, G.; Isola, M.; di Prampero, P.E. Bilateral deficit and EMG activity during explosive lower limb
contractions against different overloads. Eur. J. Appl. Physiol. 2010, 108, 157–165. [CrossRef]

31. Bishop, C.; McAuley, W.; Read, P.; Gonzalo-Skok, O.; Lake, J.; Turner, A. Acute Effect of Repeated Sprints on Interlimb
Asymmetries During Unilateral Jumping. J. Strength Cond. Res. 2021, 35, 2127–2132. [CrossRef]

32. Hopkins, W.; Marshall, S.; Batterham, A.; Hanin, J. Progressive statistics for studies in sports medicine and exercise science. Med.
Sci. Sports Exerc. 2009, 41, 3–13. [CrossRef] [PubMed]

33. Hair, J.; Black, W.; Babin, B.; Anderson, R.; Tatham, R. Multiple Regression Analysis. In Multiple Regression Analysis, 7th ed.;
Pearson Prentice Hall: Upper Saddle River, NJ, USA, 2009; Volume 96, pp. 231–312.

34. Ferreira da Silva Santos, J.; Herrera-Valenzuela, T.; Franchini, E. Establishing frequency speed of kick test classificatory tables in
male and female taekwondo athletes. Kinesiology 2019, 51, 213–218. [CrossRef]

199



Sports 2025, 13, 103

35. Santos, J.F.d.S.; Franchini, E. Frequency Speed of Kick Test Performance Comparison Between Female Taekwondo Athletes of
Different Competitive Levels. J. Strength Cond. Res. 2018, 32, 2934–2938. [CrossRef] [PubMed]

36. da Silva Santos, J.F.; Herrera-Valenzuela, T.; Ribeiro da Mota, G.; Franchini, E. Influence of half-squat intensity and volume on the
subsequent countermovement jump and frequency speed of kick test performance in taekwondo athletes. Kinesiology 2016, 48,
95–102. [CrossRef]

37. da Silva Santos, J.F.; Valenzuela, T.H.; Franchini, E. Can Different Conditioning Activities and Rest Intervals Affect the Acute
Performance of Taekwondo Turning Kick? J. Strength Cond. Res. 2015, 29, 1640–1647. [CrossRef]

38. Albuquerque, M.R.; Tavares, L.D.; Longo, A.R.; Caldeira Mesquita, P.H.; Franchini, E. Relationship between Indirect Measures of
Aerobic and Muscle Power with Frequency Speed of Kick Test Multiple Performance in Taekwondo Athletes. Int. J. Sports Med.
2021, 43, 254–261. [CrossRef]

39. Bishop, C.; de Keijzer, K.L.; Turner, A.N.; Beato, M. Measuring Interlimb Asymmetry for Strength and Power: A Brief Review of
Assessment Methods, Data Analysis, Current Evidence, and Practical Recommendations. J. Strength Cond. Res. 2023, 37, 745–750.
[CrossRef]

40. Keogh, J.A.J.; Waddington, E.E.; Masood, Z.; Mahmood, S.; Palanisamy, A.C.; Ruder, M.C.; Karsan, S.; Bishop, C.; Jordan, M.J.;
Heisz, J.J.; et al. Monitoring lower limb biomechanical asymmetry and psychological measures in athletic populations—A scoping
review. Scand. J. Med. Sci. Sports 2023, 33, 2125–2148. [CrossRef]

41. Kons, R.L.; Pupo, J.D.; Gheller, R.G.; Costa, F.E.; Rodrigues, M.M.; Bishop, C.; Detanico, D. Effects of successive judo matches on
interlimb asymmetry and bilateral deficit. Phys. Ther. Sport 2021, 47, 15–22. [CrossRef]

42. Liu, L.; Jia, M.; Ma, Y.; Lin, S.; Peng, Q.; Xiong, J.; Zheng, W. Biomechanics research on laterality effect between dominant and
non-dominant during double roundhouse kick in the competitive taekwondo. Heliyon 2023, 9, e20843. [CrossRef]

43. Davidson, R.J. Asymmetric brain function, affective style, and psychopathology: The role of early experience and plasticity. Dev.
Psychopathol. 1994, 6, 741–758. [CrossRef]

44. Zuleger, T.M.; Slutsky-Ganesh, A.B.; Anand, M.; Kim, H.; Warren, S.M.; Grooms, D.R.; Barber Foss, K.D.; Riley, M.A.; Yuan, W.;
Gore, R.K.; et al. The effects of sports-related concussion history on female adolescent brain activity and connectivity for bilateral
lower extremity knee motor control. Psychophysiology 2023, 60, e14314. [CrossRef]

45. Heller, W.; Etienne, M.A.; Miller, G.A. Patterns of perceptual asymmetry in depression and anxiety: Implications for neuropsy-
chological models of emotion and psychopathology. J. Abnorm. Psychol. 1995, 104, 327–333. [CrossRef] [PubMed]
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