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Editorial: Strength and
conditioning in football: driving
physical performance through
research and innovation

Marco Beato1*, Chris J. Bishop2 and Anthony N. Turner2
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Editorial on the Research Topic
Strength and conditioning in football: driving physical performance
through research and innovation

Introduction

Contemporary sports rely on scientific research and technological advancements
to enhance performance and promote health (Paul et al., 2016; Beato et al., 2021;
Randell et al., 2021). This is particularly evident in football (Bangsbo et al., 2006;
Turner and Stewart, 2014; Beato et al., 2024), as the world’s most popular sport.
Frontiers in Physiology and Frontiers in Sport and Active Living recognize the critical
role of strength and conditioning; thus, this Research Topic entitled “Strength and
conditioning in football: driving physical performance through research and
innovation” was designed to promote dialogue and disseminate knowledge within
the sports science community. Strength and conditioning refers to the planning,
delivering, monitoring, and reviewing of specialized physical training programs
designed to enhance athletic performance, reduce the risk of injuries, and optimize
fitness for football players (Cormie et al., 2011; Jeffries et al., 2022; Bishop et al., 2023;
Turner, 2024). Consequently, our aim was to publish a series of studies that showcase
the latest methodological advancements in strength and conditioning for football. We
were particularly interested in innovative exercises that enhance adaptive responses
and studies that explore effective ways to integrate new technologies, monitoring tools
and testing protocols.

This Research Topic of Frontiers in Physiology and Frontiers in Sports and Active
Living, contains 11 manuscripts meeting the editorial criteria, including 10 original research
articles (Chmura et al.; Chmura et al.; Skala and Zemkova; Asencio et al.; Branquinho et al.;
Paravlic et al.; Pimenta et al.; Rocha et al.; Szabo et al.; Zhai and Qin) and 1 brief research
report Asimakidis et al.

Chmura et al. aimed to investigate the effects of high-intensity interval training
and the anaerobic and psychomotor fatigue thresholds on physiological parameters in
young soccer players. They found that both thresholds shifted toward higher loads and
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the proposed specific high-intensity interval training effectively
increased the exercise capacity of soccer players. Practitioners
could use these high-intensity interval training methods to
effectively increase their players’ physical capacities.

Foqha et al. aimed to assess the effects of 10 weeks of FIFA 11+
training on the physical performance of elite seven-a-side soccer
players. They found that the 10-week FIFA 11+ program resulted in
notable enhancements in acceleration and agility performance
compared to standard training for elite seven-a-side soccer
players. These favourable results warrant additional research on
implementing and optimizing the FIFA 11+ program, offering
valuable guidance to coaches and athletes aiming to maximize its
benefits in real-world scenarios.

Skala and Zemkova, aimed to investigate the neuromuscular
and perceptual-cognitive response to small-sided games, and the
relationship between pre- and post-small-sided games
performance and exercise load in youth soccer players. They
found that small-sided games induced fatigue that impacts
planned and reactive agility, decision-making, and explosive
strength in youth soccer players, irrespective of internal or
external load variables.

Paravlic et al. aimed to investigate the associations between
bilateral performance utilizing countermovement jump, squat
jump, speed, unilateral jump, isokinetic peak torque in knee
extension and flexion, and tensiomyography parameters. They
also investigated whether the asymmetries derived from
unilateral tests are associated with bilateral tests in elite
female soccer players. The authors found several significant,
albeit inconsistent, correlations between the diverse
performance scores obtained highlight the necessity for a
multifaceted and thorough diagnostic strategy in female
soccer players.

Pimenta et al. compared the average speed, knee flexor peak
torque, and shear modulus of the hamstrings after a repeated sprint
task among football players at various competitive levels and playing
positions. Surprisingly, the study found that neither the average
sprint speed performance parameter nor the mechanical parameters
were effective in distinguishing football players based on their
competitive levels or positions on the field.

Szabo et al. aimed to examine the effect of a 10-week
intervention with the TOCA Football System tool (which is a
high repetition technical toolkit practice) and training method on
elite youth athletes’ sport-specific motor skills and anthropometric
variables. They found that this intervention using the TOCA
Football System was safe and did not negatively impact athletes’
performance. Some significant improvements were observed within
groups; however, no significant differences were found between the
intervention and control groups.

Branquinho et al. aimed to investigate the ideal training load
to be applied during periods of fixture congestion to ensure an
adequate dose-response effect for performance maintenance.
During a busy season for an elite Brazilian professional team,
a positive training load was observed. However, the interference
effect arises when high physical training is applied to various
skills (such as change of direction and straight-line running)
throughout the season. Additionally, the regression tree model
proves valuable for identifying optimal loads and potential
corrections to enhance athletes’ match performance.

Rocha et al. aimed to investigate whether the use of
transcranial direct current stimulation on the primary motor
cortex improves the performance of soccer players. However, the
authors did not find any change in the vertical jump performance
as well no improvement in subjective scales (e.g., pain, recovery
and rating of perceived exertion). New studies should be
developed with different stimulus intensities in different
cortical areas and sports modalities, to better understand the
effect of transcranial direct current stimulation on soccer
performance and subjective scales.

In a study by Zhai and Qin, the impact of traditional
resistance training (e.g., squat and deadlift) versus complex
training on physical and technical performance in amateur
futsal players was investigated. Over an 8-week intervention,
players from two amateur futsal teams followed different
training protocols. The findings suggest that complex training
could enhance specific performance parameters, including
strength and power, more effectively than resistance training
for amateur futsal players.

In their study, Asencio et al. compared the effects of two
flywheel resistance training programs: variable intensity and
constant intensity. Seventeen amateur footballers were
divided into these two groups, both with equal training
volumes. While both groups showed similar improvements in
one-repetition maximum strength, the constant intensity group
exhibited greater enhancements in the 10-m sprint. However, no
significant differences were observed in countermovement
jump, change of direction, or 30-m sprint performance
following the protocols. Further research is necessary to fully
understand the distinctions between constant and variable
intensity flywheel resistance training.

Asimakidis et al. provided insight into the current fitness
testing practices in elite male soccer. One hundred and two
practitioners from professional soccer leagues across
24 countries completed an online survey. The authors
reported that the scientific literature influences test selection,
but practical constraints and professional experience also play a
role. Practitioners test less frequently than they consider optimal
due to time and competitive schedules. Pre-season is the most
common time for fitness testing, while competitive periods leave
less time. A “hybrid” approach, combining standalone and
integrated testing, may address this Research Topic. Microsoft
Excel is the preferred software for data analysis. Finally, the
survey suggested that tailored visualizations are more common
for coaches and players—the key distinction is that coaches often
receive more detailed information than players.

Final considerations

The editors of this Research Topic emphasize the need for
further research on the physiological mechanisms and
adaptations resulting from strength training in football
players. Specifically, they highlight the importance of studying
youth and female populations, as well as examining ecological
contexts with professional male and female players. Such
research could significantly enhance the adoption of strength
and conditioning training methods in practical settings. The
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11 included articles provide evidence and insights into key
aspects of strength and conditioning, potentially informing
the implementation of new technologies and inspiring fresh
research ideas.

Author contributions

MB: Conceptualization, Supervision, Writing–original draft,
Writing–review and editing. CB: Conceptualization,
Writing–original draft, Writing–review and editing. Anthony
Nicholas AT: Conceptualization, Supervision, Writing–original
draft, Writing–review and editing.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Bangsbo, J.,Mohr,M., andKrustrup, P. (2006). Physical andmetabolic demands of training and
match-play in the elite football player. J. Sports Sci. 24, 665–674. doi:10.1080/02640410500482529

Beato, M., Madsen, E. E., Clubb, J., Emmonds, S., and Krustrup, P. (2024). Monitoring
readiness to train and perform in female football: current evidence and recommendations for
practitioners. Int. J. Sports Physiol. Perform. 19, 223–231. doi:10.1123/ijspp.2023-0405

Beato,M.,Maroto-Izquierdo, S., Turner, A. N., and Bishop, C. (2021). Implementing strength
training strategies for injury prevention in soccer: scientific rationale and methodological
recommendations. Int. J. Sports Physiol. Perform. 16, 456–461. doi:10.1123/ijspp.2020-0862

Bishop, C., de Keijzer, K. L., Turner, A. N., and Beato, M. (2023). Measuring interlimb
asymmetry for strength and power: a brief review of assessment methods, data analysis,
current evidence, and practical recommendations. J. Strength Cond. Res. 37, 745–750.
doi:10.1519/JSC.0000000000004384

Cormie, P., McGuigan, M. R., and Newton, R. U. (2011). Developing maximal
neuromuscular power: part 2 - training considerations for improving maximal power
production. Sport. Med. 41, 125–146. doi:10.2165/11538500-000000000-00000

Jeffries, A. C., Marcora, S. M., Coutts, A. J., Wallace, L., McCall, A., and
Impellizzeri, F. M. (2022). Development of a revised conceptual framework of
physical training for use in research and practice. Sport. Med. 52, 709–724. doi:10.
1007/s40279-021-01551-5

Paul, D. J., Gabbett, T. J., and Nassis, G. P. (2016). Agility in team sports: testing,
training and factors affecting performance. Sports Med. 46, 421–442. doi:10.1007/
s40279-015-0428-2

Randell, R. K., Clifford, T., Drust, B., Moss, S. L., Unnithan, V. B., De Ste Croix, M. B.
A., et al. (2021). Physiological characteristics of female soccer players and health and
performance considerations: a narrative review. Sport. Med. 51, 1377–1399. doi:10.
1007/s40279-021-01458-1

Turner, A. N. (2024). What Is evidence-based Practice in strength and conditioning?
Strength Cond. J. 2024. doi:10.1519/SSC.0000000000000840

Turner, A. N., and Stewart, P. F. (2014). Strength and conditioning for soccer players.
Strength Cond. J. 36, 1–13. doi:10.1519/SSC.0000000000000054

Frontiers in Physiology frontiersin.org03

Beato et al. 10.3389/fphys.2024.1437251

7

https://doi.org/10.1080/02640410500482529
https://doi.org/10.1123/ijspp.2023-0405
https://doi.org/10.1123/ijspp.2020-0862
https://doi.org/10.1519/JSC.0000000000004384
https://doi.org/10.2165/11538500-000000000-00000
https://doi.org/10.1007/s40279-021-01551-5
https://doi.org/10.1007/s40279-021-01551-5
https://doi.org/10.1007/s40279-015-0428-2
https://doi.org/10.1007/s40279-015-0428-2
https://doi.org/10.1007/s40279-021-01458-1
https://doi.org/10.1007/s40279-021-01458-1
https://doi.org/10.1519/SSC.0000000000000840
https://doi.org/10.1519/SSC.0000000000000054
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1437251


The effects of high-intensity
interval training at the anaerobic
and psychomotor fatigue
thresholds on physiological
parameters in young soccer
players: a prospective study

Paweł Chmura1,2, Jan Chmura3, Wiktor Chodor1*,
Adrian Drożdżowski1, Andrzej Rokita1 and Marek Konefał3

1Department of Team Games, Wroclaw University of Health and Sport Sciences, Wroclaw, Poland,
2Latvian Academy of Sport Education, Rīga LV, Latvia, 3Department of Human Motor Skills, Wroclaw
University of Health and Sport Sciences, Wroclaw, Poland

This study aimed to investigate the effects of a 4-week specific high-intensity interval
training (HIIT) program performed between the anaerobic threshold (ANT) and the
psychomotor fatigue threshold (PFT) on physiological parameters in 14 professional
soccer players at the under-17 level. The first and second stages of the research
protocol included a treadmill running exercise with increasing load and six 3-min
four-versus-four games of soccer with a 3-min break between games. Players then
participated in a training microcycle involving three specific HIIT exercises twice per
week for 4 weeks, after which they repeated stages one and two, followed by an
assessment of changes. The measurement of lactate (LA) determined ANT, whereas
the choice reaction time (CRT) indicated PFT among other selected physiological
parameters. The repeated-measure analysis of variance (ANOVA) compared mean
values for the examined variables using Bonferroni post hoc test. It demonstrated
significantly increased maximal oxygen consumption (VO2 max) from 45.9 ± 3.0 to
48.7 ± 2.6 at the ANT and from 49.1 ± 3.4 to 52.0 ± 3.6 on the PFT after 4 weeks of
training. A significant increase in the running speed (RS) at both thresholds and heart
rate (HR) at the ANT (p ≤ 0.05) was also recorded. Moreover, the players exceeded
their intensity of effort during ANTwhile playing four-versus-four soccermatches, but
they did not reach intensity during PFT. In conclusion, the findings of the study
demonstrated that both thresholds shifted toward higher loads and the proposed
specific HIIT effectively increased the exercise capacity of soccer players.

KEYWORDS

football, heart rate, global positioning system, maximal oxygen consumption, repeated
small-sided games

Introduction

High-intensity interval training (HIIT) is very popular in modern soccer (Buchheit and
Laursen, 2019), with one of the benefits being its time efficiency in improving performance
and physiological parameters (Costigan et al., 2015; García-Hermoso et al., 2016).
Furthermore, HIIT provides sufficient stimulus for anaerobic parameter improvements,
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such as the ability to perform straight-line sprints, repeated sprints,
and jumps (Sperlich et al., 2011; Tønnessen et al., 2011; Ferrete et al.,
2014). Systematic HIIT training also had a substantial positive effect
on cardiovascular and respiratory fitness and increased maximal
oxygen consumption (VO2 max) (Eddolls et al., 2017; Thivel et al.,
2019). HIIT involves various interval protocols with varying exercise
durations and recovery intervals (Kunz et al., 2019), and studies that
have tested the short-interval or long-interval HIIT demonstrated
moderate to high benefits (Helgerud et al., 2001; Bravo et al., 2008;
Ouerghi et al., 2014).

Effective HIIT requires the identification of the individual
intensity that optimally stimulates exercise capacity
development. Determining the minimum intensity with which
exercises should be performed is often based on an individual
anaerobic threshold (ANT), which is usually 75%–85% of the
maximum heart rate (HR max), although the maximum load
value varies in different protocols and can reach 90%–95% of HR
max (Los Arcos et al., 2015; Kunz et al., 2019). However, another
threshold observed above the ANT, the psychomotor fatigue
threshold (PFT), is crucial in soccer. PFT determines the
individual load at which the central nervous system (CNS)
reaches its highest operational efficiency and fatigue tolerance
(Chmura and Nazar, 2010) and often occurs between 88% and
92% of HR max (Chmura and Nazar, 2010). As such, intensity
above the ANT benefits the development of motor skills, while
intensities closer to PFT improve cognitive processes (Konefał
et al., 2022). To date, there are few studies in this area (Chmura
et al., 1998; Andrzejewski et al., 2011). For example, (Irandoust
and Taheri, 2017; Paryab et al., 2021) indicated the positive effect
of melatonin supplementation on improving psychomotor and
physical performance. Therefore, it seems reasonable to propose
a modified HIIT protocol that accounts for the level of effort
between the two thresholds.

Training exercises performed with the ball are most valued in
soccer, meaning that small-sided games (SSGs) are very popular
(Moreira et al., 2016; Clemente et al., 2021) and can increase
exercise motivation compared to traditional fitness training
because they are a soccer-specific method. Furthermore, SSGs
are considered to be more time efficient, as physical performance,
technical skills, and tactical awareness can develop
simultaneously (Aguiar et al., 2012). Additionally, they
provide many practical benefits for all ages and sport levels
(Clemente et al., 2021). Movement requirements, physiological
changes, technical requirements, decision-making under time
pressure, opponent, and fatigue are similar to the match effort
(Hill-Haas et al., 2011; Aşçı, 2016). Like HIIT protocols, different
sizes and formats of SSGs can elicit various physiological and
cognitive responses and generate different exercise intensities
(Brandes et al., 2012). Most studies report an increase in HR as
the playing area increases and the number of players decreases
(Hill-Haas et al., 2011; Randers et al., 2014; Arslan et al., 2017). A
proven training exercise is the four-versus-four games (Konefał
et al., 2023), which generate high-intensity exercise and may
increase VO2 max (Little, 2009).

Nowadays, due to the fact that the schedule is often congested,
soccer players playmore games per season, and the time available for
training is decreasing. Hence, coaches and training staffs are
constantly looking for time-efficient and effective exercises to

boost players’ performance. Traditional HIIT involves repetitive
efforts at constant stimulus intensity (Buchheit and Laursen, 2019),
although using HIIT training with variable stimulus intensity
between ANT and PFT is interesting from a cognitive point of
view. Indeed, exercise at an intensity close to PFT will result in the
highest CNS efficiency and stimulate the development of cognitive
processes while maintaining the widely known benefits of high-
intensity repeated effort (Chmura and Nazar, 2010). Furthermore, it
is interesting from a practical point of view to determine if playing
an SSG of soccer (four versus four on a 25 m by 35 m pitch) elicits
any intensity between the ANT and PFT.

Therefore, this study aimed to assess the effects of specific
HIIT training performed between ANT and PFT on the
physiological parameters of young soccer players. In addition,
this study aimed to determine if the participants could exceed the
ANT and achieve PFT intensity during a four-versus-four soccer
match on a 25 m by 35 m pitch. In this regard, it was assumed that
a 4-week HIIT program would significantly increase the
physiological parameters and that young soccer players
performing repeated SSGs would at least exceed their ANT
each time.

Materials and methods

Experimental approach

The research comprised five stages and commenced with a
laboratory-based treadmill running exercise test that used an
increasing load (Figure 1). The next stage involved participants
playing six 3-min soccer matches (four versus four), with a 3-min
break between games. During the third stage, participants
performed a specific HIIT program involving three exercises
twice a week for 4 weeks. The fourth and fifth stages included
the assessment of changes in physiological variables during the
repeated performances of stages one and two. The physiological
variables assessed included lactate (LA) for determining the ANT,
choice reaction time (CRT) to determine the PFT, and other selected
parameters.

Participants and eligibility

Sixteen soccer players competing at the under-17 level for a
professional sports club in the second Polish league participated in
the study. During the study, two players were unable to complete the
experiment due to muscle or tendon injury and were excluded.
Hence, fourteen players were included in the analysis. The physical
activity of all outfield players was analyzed, though goalkeepers were
excluded from the analysis due to the specificity of the effort.
Inclusion criteria included a minimum of 8 years of training
experience, participation in training at least four times per week
before the start of the study, complete laboratory results, and no
recent surgery or injury. All players were instructed not to consume
alcohol for at least 24 h before testing, to stay hydrated, and follow a
normal varied diet.

All participants were briefed with a detailed explanation of the
proposed study and its requirements and provided written informed
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consent directly or through a parent or guardian. They were also
informed of the potential risks and could withdraw at any time
without any consequences. The study followed guidelines approved
by the local ethics committee (12/2021) and the requirements set out
in the Declaration of Helsinki, and all health and safety procedures
were maintained.

Procedures and measurements

The research was carried out by qualified research personnel at
the beginning of the pre-season period (from 26 July 2021 to
30 September 2021) and comprised five stages.

Stage one involved a laboratory-based treadmill (Cybex 790T)
running exercise tests with increasing loads. Each subject started the
test at a speed of 8 km/h, which was increased by 2 km/h every
3 minutes until they could no longer continue.

Immediately before the test and after each load, blood was
collected from the fingertip to measure LA concentration, which
was used to determine ANT (Konefał et al., 2022). In the last minute
of each 3-min load, a CRT psychomotor test was carried out using a
reaction meter APR (UNI—PAR, Lubin, Poland). The test
determined the PFT using 25 audio–visual stimuli, a detailed
description of which was previously published (Chmura et al.,
2020). In addition, HR was recorded in beats per minute (bpm)
using the Polar RS400, and the Cortex Metamax 3B mobile
ergospirometer measured VO2 (ml/kg/min).

Stage two comprised six 3-min soccer matches (four versus four)
that included goalkeepers, with a 3-min break between games. The
games were played on a 25 (m) by 35 (m) field as described
previously (Konefał et al., 2023).

Before testing, players performed a standard 20-min increasing
intensity warm-up that included running, stretching, ball exercises, and
repeated starts, accelerations, and decelerations. In order to maintain

FIGURE 1
Study design.

FIGURE 2
Intensity pattern of three specific high-intensity interval training exercises.
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the intensity of player efforts during soccer matches, the coach would
throw another ball into the field when the ball went out of bounds. In
addition to that the coaching staff used verbal motivation.

External loads were determined using a global positioning
system (GPS) with sampling at 10 Hz and triaxial accelerometer
sampling at 100 Hz using the Vector S7 (Catapult Sports,
Melbourne, Australia) (Beenham et al., 2017). Data were
collected after each session using Catapult Sports’ proprietary
software (OpenField) (Pop et al., 2022).

The metrics derived from each of the devices included HR max
(bpm), total distance covered (TDC) (m), maximal velocity (V max)
(km·h−1), mean velocity (V mean) (km·h−1), acceleration (Acc)
(number), and deceleration (Dec) (number).

Stage three of the experiment used a trainingmicrocycle programof
three specific HIIT exercises twice a week on Tuesdays and Thursdays
(Table 1). The total experiment duration was 4 weeks, which equates to
eight training sessions. In addition, the players followed a standard
training program (Table 2). During specific HIIT, each player used a
Polar RS400 HR monitor that encompassed a watch for real-time
exercise intensity control.

Stage four assessed changes in physiological parameters caused
by the applied training by repeating stage one. Meanwhile, stage five
measured changes in external loads by repeating stage two.

Specific high-intensity interval training

Exercise 1: run with increasing intensity until one reaches the
ANT (2 minutes), maintain the running intensity at the ANT for

3 minutes, and then accelerate for 30 seconds until one reaches the
PFT intensity. The total duration was 5 minutes and 30 seconds,
followed by a 3-min jog (Figure 2).

Exercise 2: run with increasing intensity until one reaches the
ANT (2 minutes) and continue running with ANT intensity for
3 minutes, accelerate for 30 seconds until one reaches the PFT, and
then run at the PFT for 15 seconds. The total duration was 5 minutes
and 45 seconds, followed by a 3-min jog.

Exercise 3: run with increasing intensity until one reaches the ANT
(2 minutes) and continue running at the ANT for 3 minutes, then
accelerate for 30 seconds until one reaches the PFT, and then run for
15 seconds. Reduce the running speed toward the ANT, maintain this
speed for 2minutes, and then increase the running speed for 30 seconds
until one reaches the PFT and continue running for 30 seconds. The
total activity duration was 8 minutes and 15 seconds, followed by a jog
that lasted for 4 minutes and 30 seconds. The specific HIIT workout
duration was 30 minutes.

Statistical analysis

All statistical analyses employed Statistica version 13.3 software
(Dell Inc., OK, United States). The Shapiro–Wilk test verified the
normality of data distribution, and arithmetic means and standard
deviations were calculated. A repeated-measure analysis of variance
(ANOVA) compared mean values for the examined variables (Park
et al., 2009) with a Bonferroni post hoc test used to assess differences
between means. The level of statistical significance was set at
p ≤ 0.05.

TABLE 1 Structure of the weekly training microcycle.

MD+1 MD-5 MD-4 MD-3 MD-2 MD-1 MD

Training
content

Day off Low/moderate intensity,
recovery and skill, and upper

body strength

High intensity, SSG,
sprint, and plyometric

Moderate intensity
and MSG or LSG

High intensity, SSG,
and tactical focus

Low/moderate intensity,
tactical focus, and reaction

speed

Match
effort

Additional specific
HIIT

Additional specific
HIIT

Abbreviations: HIIT, high-intensity interval training; LSG, large-sided games; MD, match day; MSG, medium-sided games; SSG, small-sided games.

TABLE 2 Differences in physiological and kinematic parameters before and after the specific high-intensity interval training program (mean ± standard deviation).

Variable Before After F (p-value)

VO2ANT (ml·kg-1·min-1) 45.89 ± 3.00 48.73 ± 2.60 11.665 (0.005)

HRANT (bpm) 176.00 ± 3.42 178.98 ± 4.54 23.40 (0.001)

LAANT (au) 3.10 ± 0.13 3.79 ± 0.21 101.06 (0.001)

VANT (km·h−1) 13.21 ± 0.97 14.50 ± 0.94 43.875 (0.001)

VO2PFT (ml·kg-1·min−1) 49.14 ± 3.41 52.03 ± 3.55 16.833 (0.001)

HRPFT (bpm) 180.43 ± 5.56 182.07 ± 4.46 1.77 (0.206)

LAPFT (au) 4.22 ± 0.48 5.23 ± 0.66 85.658 (0.001)

VPFT (km·h−1) 14.29 ± 0.91 15.57 ± 0.94 43.875 (0.001)

Abbreviations: VO2ANT, maximal oxygen consumption at the anaerobic threshold; HRANT, heart rate at the anaerobic threshold; LAANT, lactate concentration at the anaerobic threshold; VANT,

velocity at the anaerobic threshold; VO2PFT, maximal oxygen consumption at the psychomotor fatigue threshold; HRPFT, heart rate at the psychomotor fatigue threshold; LAPFT, lactate

concentration at the psychomotor fatigue threshold; VPFT, velocity at the psychomotor fatigue threshold. The bold value indicates the statistically significant values. Their exact p-value is given

in parentheses.
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Results

Fourteen soccer players participated in the study. The mean age
of participants was 17.3 ± 0.4 years, their stature was 1.76 ± 0.05 m,
and their body mass was 69.27 ± 5.43 kg.

The statistical analysis of physiological and kinematic variables
before and after the specific HIIT revealed effects on VO2ANT (F =
11.665 (1); p = 0.005), HRANT (F = 23.400 (1); p = 0.001), LAANT (F =
101.060 (1); p = 0.001), VANT (F = 43.875 (1); p = 0.001), VO2PFT

(F = 16.833 (1); p = 0.001), LAPFT (F = 85.658 (1); p = 0.001), and
VPFT (F = 43.875 (1); p = 0.001). However, there was no significant
effect on HRPFT (F = 1.770 (1); p = 0.206) (Table 2).

The statistical analysis of the physiological and kinematic
variables during the repeated SSGs revealed effects on HR max
(F = 4.930 (5); p = 0.001), V mean (F = 3.307 (5); p = 0.007), and Dec
(F = 3.860 (5); p = 0.003). There was no significant effect on TDC
(F = 1.661 (5); p = 0.148), V max (F = 2.570 (5); p = 0.056), or Acc
(F = 1.825 (5); p = 0.112) (Table 3).

Discussion

This study aimed to assess the impact of specific HIIT performed
between ANT and PFT on the physiological parameters of young
soccer players. Many recently published studies indicated the high
effectiveness of HIIT in sports (Fernandez-Fernandez et al., 2017;
Monks et al., 2017), which is reflected in the increased levels of
physiological and kinematic parameters (Engel et al., 2018). In
practice, such increases shift the ANT toward higher loads (Little,
2009; Kunz et al., 2019) and are more frequently determined by
measuring the LA concentration (Hill-Haas et al., 2011; Stanula
et al., 2013). The major findings of this study showed that the use of
the 4-week physical training, comprising three exercises of a specific
intensity above the ANT, is sufficient to significantly increase the
physical performance of players.

This finding indicates that the proposed specific HIIT, with
intensity between anaerobic and psychomotor fatigue thresholds,
caused a shift in the ANT toward higher loads. Indeed, HIIT
significantly increased VO2 by 6.2%, HR by 1.7%, and running
speed by 9.8%. Although the training was only carried out over eight
sessions, it caused similar increases as 14 training sessions over
6 weeks with threshold intensity (Chmura and Nazar, 2010). As

such, the higher intensity (but not significantly above the ANT)
specific HIIT used in the current study appears to be more time
efficient.

Sperlich et al. (2011) found a 6.5% VO2 increase in young soccer
players during a 5-week HIIT program, which is similar to VO2

found in our study. Therefore, it follows that the training comprising
three exercises carried out between ANT and PFT, each of which
generates longer duration, increased intensity, and greater stimulus
variability, is a practical proposal that effectively increases the
exercise capacity of soccer players.

These findings may also suggest that the specific HIIT proposed
herein affects cognitive aspects. Indeed, PFT defining the highest
CNS efficiency (shortest reaction time, best anticipation, perception,
and optimal decision making) also shifted toward higher loads
during this training (Chmura and Nazar, 2010), with significant
increases in VO2 (5.9%), running speed (9.0%), and HR (0.9%). Such
progression of PFT toward higher loads means, in practice, that the
athlete can make optimal decisions at higher running speed and
higher fatigue tolerance (Konefał et al., 2022). Given the very high
intensity in modern soccer (Andrzejewski et al., 2018; Chmura et al.,
2018; Konefał et al., 2019), such an effect is extremely desirable, as it
allows players to perform actions efficiently at extremely intense
moments of a match.

Itmakes sense forHIIT to include SSGs since the players would also
improve technical and tactical elements and their decision-making
processes, which are required for playing soccer (Davids et al., 2013;
Trecroci et al., 2020) Therefore, the next aim was to determine if
participants would exceed the ANT and achieve PFT intensity during
four-versus-four matches on a 25 m × 35m pitch that reflect the game
conditions required in the specific HIIT proposed. The parameter
frequently used in coaching practice to determine the effort intensity
during the game is HR (Brandes et al., 2012; Aşçı, 2016; Konefał et al.,
2023), which can be measured with precision and accuracy using
available measurement technologies (Beenham et al., 2017; Gómez-
Carmona et al., 2020; Pop et al., 2022). In this study, soccer players
achieved HR max values that exceeded the intensity found at the ANT
five-fold during six 3-minmatches, even though they did not reach such
intensity at the PFT during any of the games. However, it is worth
noting that the HRmax values were slightly lower than this intensity in
the first two games.

It appears that the format used (four versus four) generated too
little intensity in relation to the PFT. Therefore, the pitch size should

TABLE 3 Differences in kinematic variables over six 3-min small-sided games (mean ± standard deviation).

Variable Game F (p-value) SSD (p ≤ 0.05)

1 2 3 4 5 6

HR max (bpm) 179.75 ± 7.62 179.61 ± 7.69 176.68 ± 8.34 177.68 ± 7.12 178.32 ± 7.62 172.75 ± 13.22 4.93 (0.001) 1,2,4,5 > 6

TDC (m) 366.38 ± 32.87 376.80 ± 40.42 360.21 ± 39.01 367.29 ± 34.06 365.46 ± 44.56 362.95 ± 40.60 1.661 (0.148) —

V max (km·h−1) 19.36 ± 1.72 20.28 ± 1.92 20.26 ± 1.65 20.32 ± 2.02 19.42 ± 1.43 20.52 ± 1.89 2.57 (0.056) —

V mean (km·h−1) 7.25 ± 0.64 7.22 ± 0.70 6.93 ± 0.74 7.10 ± 0.61 7.03 ± 0.78 6.89 ± 0.84 3.307 (0.007) 1 > 6

Acc (number) 22.61 ± 3.55 21.93 ± 4.83 21.71 ± 4.81 20.54 ± 4.40 21.75 ± 3.72 20.71 ± 4.37 1.825 (0.112) —

Dec (number) 22.43 ± 3.78 23.18 ± 4.34 22.36 ± 5.17 21.61 ± 3.73 22.61 ± 4.58 20.11 ± 4.34 3.860 (0.003) 1,2,5 > 6

Abbreviations: Acc, acceleration; Dec, deceleration; HR max, maximal heart rate; TDC, total distance covered; V max, maximal velocity; V mean, mean velocity. The bold value indicates the

statistically significant values. Their exact p-value is given in parentheses.
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be modified to slightly increase the game intensity (Aguiar et al.,
2012), and the repetitions decreased to five to achieve the desired
effects. Indeed, the analysis of kinematic parameters demonstrated a
requirement of six consecutive games for the players to maintain
their TDC, V max, and Acc levels. Nonetheless, values for V mean
and Dec indicated a need to reduce the number of games to five since
these parameters significantly decreased in the final game (Konefał
et al., 2023).

The strength of this study is to find an appropriate exercise
program that effectively increases the studied physiological
variables in a short period of time while boosting performance.
A high level of exercise capacity will allow coaches to concentrate
more in training and on bringing out the technical and tactical
potential of players. The authors are fully aware of various factors
that could have influenced the results of the presented analyses.
Indeed, experimenting on young players who are still developing
their biological and psychomotor potential is a limitation of the
study. A small sample size is another limitation. Therefore, these
results should be treated with caution. In order to better
understand the relationship between the specific HIIT proposed
and the game format used (four versus four), further research
should take into account various pitch size modifications (Hill-
Haas et al., 2011; Arslan et al., 2017). Furthermore, it would be
advisable to continue research on the relationship between ANT
and PFT in the context of new training exercises (with and without
the ball) that helps in developing both physical performance and
decision-making, while accounting for different age groups and
fitness levels.

Conclusion

It was found that 4 weeks of specific HIIT significantly increased
VO2 and running speed at the ANT and PFT, as well as HR at the
ANT. These findings demonstrated that both thresholds shifted
toward higher loads, which may be the result of adaptation to the
applied training loads.

The participants exceeded ANT intensity but did not reach PFT
intensity during four-versus-four soccer matches on a 25 m × 35 m
pitch. However, they did approach PFT intensity during the first two
games. Therefore, it would be advisable to modify the dimensions of
the pitch in order to increase the intensity of the game. In addition,
the analysis of kinematic parameters suggested that using five games
would be more effective.

Practical applications

Bringing out the full potential of players during the starting
effort is invariably one of the most important goals of coaches,
strength and conditioning coaches, and training staff. The proposed
HIIT comprising three exercises carried out between ANT and PFT,

each generating greater intensity, greater variability of the stimulus,
and longer duration, is a practical proposal that effectively increases
the exercise capacity of soccer players.
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The physical and psychological load of small-sided games (SSGs) can affect
players’ neuromuscular and cognitive functions. Yet, little is known about the
acute performance changes after such a specific exercise in young soccer players
and their association with exercise load applied. This study investigates i) the
neuromuscular and perceptual-cognitive response to the SSG exercise load, and
ii) the relationship between pre- and post-SSG changes in variables of
performance and the respective exercise load in youth soccer players. Sixteen
participants (13.6 ± 0.5 years) underwent a 30-min SSG 4v4 +GK protocol. Prior to
and after the SSG they performed countermovement jump (CMJ), planned and
reactive Y-shaped agility tests (PA, RA), and go/no-go task (GNG). Their subjective
perception of fatigue was evaluated by visual analog scale. Fatigue induced by SSG
(perception of fatigue increased by 41.56%, p = .001, g = 4.15) increased PA time
(4.04%, p = .002, g = .97), RA time (6.45%, p = .003, g = 1.16), and number of errors
in the response inhibition task (87.1%, p = .023, rc = .57), whilst decreased CMJ
height (−6.65%, p = .014, g = .56). These performance deteriorations were not
significantly associated with neither internal nor external load variables. However,
a less pronounced drop in performance was related to external load variables,
i.e., ΔCMJ height and ΔRA time correlated with very high-speed running (rs = .66,
p = .006; rs = −.50, p = .022; respectively) and maximal speed (r = .54, p = .032;
r = −.52, p = .037; respectively), whilst ΔPA timewas associated with high-intensity
accelerations (rs = −.76, p = .002). These findings indicate that fatigue induced by
SSG affects both planned and reactive agility, decision-making in response
inhibition task, and explosive strength in youth soccer players regardless of
significant contribution of any robust internal or external load variables.
Nonetheless, high-intensity actions within SSG partially compensate for the
decrements in their agility performance and explosive strength. The load
variables encountered during SSG do not fully reflect youth players’
neuromuscular and perceptual-cognitive responses to sport-specific exercise.
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1 Introduction

Small-sided games (SSGs) provide an effective tool for
conditioning team sport players in a specific game environment
(Gabbett, 2006). Their intermittent character produces a relatively
high neuromuscular and metabolic load (Owen et al., 2012;
Sarmento et al., 2018), which can induce temporal decrements in
players’ physical performance (Faude et al., 2014; Martínez-Serrano
et al., 2023). SSGs also demand players’ cognitive functions (Figueira
et al., 2019; Mitrotasios et al., 2021). Therefore, proper prescription
of SSGs and respective exercise load monitoring is important for the
performance optimization of soccer players (Branquinho et al.,
2021a; Branquinho et al., 2021b).

Crucial abilities for soccer performance, such as explosive
strength, sprinting, and change of direction speed (Rampinini
et al., 2007; Nygaard Falch et al., 2019), all depend on the
neuromuscular system. Neuromuscular performance temporarily
decreases in parallel with accumulated exercise load in SSGs (Rebelo
et al., 2016; Bujalance-Moreno et al., 2020). This is mainly
contributed to the high amount of mechanical work produced by
numerous in-game changes in speed and direction of movement, in
terms of high-intensity accelerations and decelerations (Gaudino
et al., 2014). External load is to a high extent responsible for muscle
damage (Silva et al., 2018). The impairment of muscle cells’
contractile functions results in lower muscle force production
(Thorlund et al., 2009). This neuromuscular fatigue can also be
accentuated by acute depletion of muscles’ energy stores
(i.e., glycogen, phosphocreatine) as a result of intermittent
exercise (Gaitanos et al., 1993; Reilly et al., 2008). Temporal
performance declines induced by sport-specific exercise load are
typical for players’ explosive strength and speed (Katis and Kellis,
2009; Rebelo et al., 2016; Rowell et al., 2017).

Besides the high neuromuscular and metabolic demands of
SSGs, sufficient attention, perception, and visual information
processing from a dynamic environment are of special
importance for soccer players (Klatt and Smeeton, 2022).
Cognition needs to be activated more often and in different ways
during situations experienced in the game (Rodrigues et al., 2022).
Cognitive performance can be enhanced by acute bouts of exercise
(Dupuy et al., 2018). Positive effects may be attributed to the
sympathetic functions increasing heart rate, levels of excitatory
neurotransmitters in the brain, and cortisol secretion
(Tomporowski, 2003). On the contrary, physical and mental
effort can also produce negative effects on players’ perceptual
and cognitive performance (Skala and Zemková, 2022). These
effects are often ascribed to the increased levels of brain
catecholamines (McMorris et al., 2008) and limited activation in
centers responsible for higher-order cognitive functions (Dietrich,
2006).

Several studies reported a decline in cognitive performance
following acute bouts of exercise (Del Giorno et al., 2010;
Donnan et al., 2022; Teoldo et al., 2022). For example, longer
reaction time and impaired object detection were found in sport-
specific visual tasks (Frýbort et al., 2016; Klatt and Smeeton, 2021).
However, these declines may be task-specific and related to the time
of post-exercise testing (Moore et al., 2012). Accumulated
repetitions of SSGs were found to impair decision-making ability
in terms of progressive deterioration of passing accuracy

(Mitrotasios et al., 2021). In addition, decision-making and
perception are important factors of agility performance in
invasive sports (Young et al., 2015). The decline in agility
performance occurs sooner when players react to external cues
than when changing the direction of movement without reactions
to visual stimuli (Ciocca et al., 2022). However, discrepancies in the
literature exist regarding the effects of exercise on reactive and
planned agility (Almonroeder et al., 2020).

Nevertheless, recent literature reviews have shown that the
majority of studies explore the acute effects of exercise on
performance of adult and adolescent athletes (Skala and
Zemková, 2022; Teoldo et al., 2022). Children are more resistant
to neuromuscular fatigue and recover faster from high-intensity
physical exertion compared to adults (Falk and Dotan, 2006; Ratel
et al., 2006). Yet, little is known about the effects of SSGs in youth
players and their neuromuscular and perceptual-cognitive
performance under fatigue conditions. Since SSGs are widely
used in both adult and youth soccer training, it is of our interest
to investigate i) the neuromuscular and perceptual-cognitive
performance response to the SSG exercise load, and ii) the
relationship between pre- and post-SSG changes in variables of
performance and respective exercise load in youth soccer players.
Here, we hypothesized neuromuscular and perceptual-cognitive
performance impairment after the SSG. While the external load
variables would be associated with decrements in explosive strength
and agility, the internal load variables would be related to impaired
accuracy during the response inhibition task.

2 Materials and methods

2.1 Participants

Sixteen youth soccer players (13.6 ± 0.5 years; 163.4 ± 5.9 cm;
50.4 ± 7.1 kg; Table 1) from a local first-tier academy were voluntary
recruited to participate in this study. All participants had a
minimum of 5-year experience with the academy soccer training.
They performed 4 training sessions (80–100-min) per week and
played an official eleven-a-side match (2 × 35-min) during the
weekend on the regular-sized soccer field. Two goalkeepers
participated in the SSG, but were not included in the analysis.
The players were asked to avoid physical activity for 24-h prior to the

TABLE 1 Descriptive statistics for somatometric and physical fitness
assessments of participants. SD (±), standard deviation; CV (%), coefficient of
variation.

Mean SD (±) CV (%)

Age (years) 13.6 0.5 3.7

Height (cm) 163.4 5.9 3.7

Body mass (kg) 50.4 7.1 15.5

10-m sprint (s) 1.88 0.06 3.0

Maximal speed (km/h) 26.5 1.8 6.6

Countermovement jump (cm) 30.5 3.7 12.1

Yo-Yo intermittent recovery 1 test (m) 1,299 216 16.6
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experiment and to sleep at least 8-h a night. They were instructed to
consume water and light meal 2–3-h before the testing session.
Participants were free from neuromuscular injuries or any disorders.
Written informed parental consent was obtained before the study.
Each participant and his parents agreed to participate in the
experiment and were notified about the withdrawal from the
study at any time. The procedures followed were in accordance
with the ethical standards on human experimentation stated in
compliance with the 1964 Helsinki Declaration and its later
amendments. The project was approved by the ethics committee
of the Faculty of Physical Education and Sport, Comenius University
in Bratislava (no. 3/2022, date: 22 September 2022).

2.2 Study design

This study was constituted as a quasi-experimental investigation
without the random assignment of participants to conditions or
their order. The pretest-posttest design was used. The dependent
variable was measured once before the exercise was implemented
and once after it was implemented. Measurements were performed
as part of regular in-season training. One week before the
experiment, the participants completed an assessment of body
height, body mass, acceleration speed in a 10-m sprint, maximal
speed obtained from the lowest 10-m split time in a 40-m run,
explosive strength in a countermovement jump, and aerobic
endurance in a Yo-Yo intermittent recovery test level 1 (Table 1).

Prior to the experiment, the participants underwent a warm-up
that included low-intensity running, dynamic stretching, and
running drills. No specific exercise with a ball was included. The
warm-up and testing of neuromuscular and perceptual-cognitive
performance were executed indoors to secure standardized
conditions. The participants wore standard indoor soccer
footwear. Afterwards they were individually asked to evaluate
their subjective perception of fatigue. They changed the footwear
to standard football boots and moved to the soccer field located right
outside the testing room. The SSGs were performed outdoors on a
regular artificial grass soccer field, between 3 and 6 p.m. in
temperatures 7 to 10°C (Meteoblue, Basel, Switzerland). After the
SSG protocol, the participants immediately moved to the testing
room and underwent the same testing procedure within 10-min of
its completion. Tests were executed in randomized order. A whole
experimental design is shown in Figure 1.

2.3 Small-sided game

The SSG (4v4 + Goalkeepers) was performed on the outdoor
soccer field with artificial grass using formal 11-a-side goals. The size
of the pitch 40 × 25-m (length × width) provided a relative field
space of 125 m2 per player (Calderón Pellegrino et al., 2020). The
exercise included six 4-min bouts separated by 1-min passive
recoveries (overall game time of 24-min). The players were
divided into two teams by the head coach in accordance with his
perception of their physical, technical, and tactical skills (Torrents
et al., 2016). Standard 11-a-side soccer rules were followed except for
the offside rule. Field players were able to pass to goalkeepers. Verbal
encouragement from coaches was permitted, but not feedback
related to the players’ technical and tactical performance. Several
balls were located near the sidelines around the pitch to increase the
effective play time (Hill-Haas et al., 2008). The players were familiar
with this SSG format as it was used regularly in training.

2.4 Data collection

2.4.1 Load monitoring
The physical activity profiles of players in SSG were assessed

using 10-Hz GPS units with heart rate (HR) sensors Polar Team
Pro (Polar, Kempele, Finland). This system is valid and reliable
for the assessment of the external and internal load of soccer
players (Scott et al., 2016; Akyildiz et al., 2022). Units were
mounted with adjustable straps on the front of participants’
chests. The variables of the external load included total
distance covered (TDC), number of accelerations (ACC),
number of decelerations (DEC), maximal speed (MSP), and
distance covered in speed zones. These zones were categorized
as follows: low-speed running (LSR = 0.70–6.99 km h−1),
medium-speed running (MSR = 7–13.99 km h−1), high-speed
running (HSR = 14–20.99 km h−1), and very high-speed
running (VHSR; >21 km h−1). Accelerations and decelerations
were characterized as low to moderate intensity (LMACC and
LMDEC; 1–2.99 m s−2), and high-intensity (HACC and HDEC;
>3 m s−2). Internal load variables included absolute heart rate
(HRavg) and relative heart rate (%HRavg). Relative HR zones were
categorized as <59%, 60%–69%, 70%–79%, 80%–89%, and >90%
HRmax (%). Relative HR percentages were calculated using the
equation 208 – 0.7 × age (Tanaka et al., 2001; Nikolaidis, 2014).

FIGURE 1
Experimental design. CMJ, countermovement jump; YYIR1, Yo-Yo intermittent recovery level 1; VAS-F, Visual analog scale of fatigue; YRA, Y-shaped
reactive agility test; YPA, Y-shaped planned agility test; GNG, Go/No-go test; SSG 4v4 + GK, Small-sided game 4 vs. 4 + Goalkeepers.
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2.4.2 Subjective perception of fatigue
Participants were individually asked to evaluate their subjective

perception of fatigue prior to and after the SSG by marking a vertical
line on the 100-mm visual analog scale of fatigue (VAS-F). This type
of assessment was previously found valid and reliable for assessing
the subjective perception of fatigue (Lee et al., 1991). The scale was
anchored with the words “no fatigue” on the left end, and “extremely
fatigued” on the right end. The VAS-F score in an arbitrary unit
(A.U.) was determined as the distance in millimeters from the left
end to the marked vertical line (Abbasi et al., 2018).

2.4.3 Countermovement jump
The countermovement jump (CMJ) height was assessed using

a portable optical system OptoGait (Microgate, Bolzano, Italy).
Participants were instructed to lower their body to a squat
position with a knee joint at approximately 90° and jump as
high as possible without stopping in a lower position while
keeping their hands on their waist (Bosco et al., 1983). They
were also asked to avoid lateral and frontal movements and to
keep their legs straight during the flight and landing phases. Since
CMJ was precisely described in the familiarization session, the
highest values of two jumps prior to and after the SSG were
analyzed. Jumps were separated by 30-s rest periods. Sufficient
reliability was reported when assessing two repetitions of jump
height using the same device as in our study (ICC = 0.97; CV =
5.1%) (Krzysztofik et al., 2021).

2.4.4 Y-shaped agility tests
A single light-based timing system Witty GATE and LED

indicator Witty SEM (Microgate, Bolzano, Italy) were used to
evaluate participants’ reactive agility (RA) time. This test is valid
and reliable for the assessment of agility in team sports players
(Oliver and Meyers, 2009; Horníková et al., 2021). All gates were set
up in 1.2-m height and width of 1.5-m. Participants started
approximately 0.3-m behind the starting gate. They were
instructed to sprint straight and change the direction of running
through the gate made of cones which was 5-m apart from the
starting gate. A LED indicator in front of the subject (i.e., 3-m apart
from the cone gate) randomly displayed a green arrow to the left or
right after 500-ms since passing the starting gate. Participants
responded to this signal by running to the arrow-pointing gate.
The final gates were located 5-m apart from the middle gate at 45°

angles. In case of execution errors (e.g., fall, slide, run to the incorrect
gate), they were allowed to repeat the trial. Participants performed
three pre-SSG trials with 30 s of rest between the repetitions and two
post-SSG trials. The fastest trials prior to and after the SSG were
analyzed.

The planned agility (PA) time was evaluated by an identical
setup as the Y-shaped reactive agility test, excluding the visual signal.
Participants were instructed to sprint to the particular gate before
the beginning of this test. Two trials for each side with a 30-s rest
were performed before the SSG. Post-SSG trials were performed
twice. The sides of post-SSG trials were selected based on the stimuli
generated in the previously performed reactive agility test.

2.4.5 Go/no-go task
Perceptual cognitive performance was evaluated using a

customized computer-based response inhibition task. The

Go/no-go task (GNG) was performed through the online
software Psytoolkit v3.4.1 (Stoet, 2010; 2017). Testing
consisted of one set of 20 familiarization trials, followed by
one set before the SSG, and one set after the SSG. Each set
included 50 randomly generated trials with a correct:error
response ratio of 4:1. Fixation point was presented for 1000-
ms in the center of a 13-inch computer screen. Presentations of
go/no-go signals were separated by a 1000-ms interstimulus
pause. Signals were shown as a green/red silhouette of a soccer
player with a white “GO”/“NO-GO” symbol written in the middle
of the image. Participants were instructed to press a spacebar
button as soon as the green “go” signal appeared and to suppress
the “no-go” signal. In case of an error, a pause of 2000-ms was
included before the next fixation. The mean “go” trials response
time in milliseconds (GNGt) and the number of trials with an
error of commission (GNGe) were recorded as outcome
measures. Trials with a response time of less than 150-ms
were excluded from the analysis (Zhao et al., 2015).

2.5 Statistical analysis

Data are presented as mean ± SD. The coefficient of variation
(CV%) and 90% confidence intervals (CI 90%) were calculated to
describe the physiological response of players to the SSG and the
kinematic profile in the SSG. The normality of data distribution
was determined using the Shapiro-Wilk test. In the case of
normal data distribution, the paired-sample t-test was
performed. Otherwise, the Wilcoxon signed rank test was
performed. Significance was set at p < 0.05 (2-tailed). The
smallest worthwhile change was calculated as between
subjects’ SD multiplied by 0.2 (Tomczak and Tomczak, 2014).
The post hoc statistical power of the sample size was calculated
with G*Power (Version 3.1.9.6, Institut für Experimentelle
Psychologie, Düsseldorf, Germany). The power for the number
of subjects within the study sample was 1 − β = 0.604 with α =
0.05. To compensate for the lower sample size power, additional
methods were used. The effect sizes for Hedges’ g were as follows:
<0.2 trivial; 0.2–0.5 small; 0.5–0.8 moderate; >0.8 large effect.
The Cohens’ r (rc) for non-parametrical data was as follows:
<0.1 small; 0.3–0.5 moderate; >0.5 large effect size. Uncertainties
in the true effects of the respective conditions were evaluated by
magnitude-based inferences using customized spreadsheets.
Magnitudes of clear effect were considered according to the
following scale: 25%–75%, possibly; 75%–95% likely; 95%–

99%, very likely; >99% most likely (Hopkins, 2007).
Differences in the pre- and post-SSG performance variables
were expressed as the mean of individual differences (Δ =
post-SSG–pre-SSG). Associations between individual
performance changes (Δ) and exercise load variables were
reported using the Pearson/Spearman correlation coefficient
(r/rs) with lower and upper confidence intervals (90%). The
correlation strength was interpreted as follows: r/rs = <0.1,
trivial; 0.1–0.3, small; 0.31–0.49, moderate; 0.5–0.69, large;
0.7–0.89, very large; and 0.9–1, perfect correlation.
Additionally, the amount of explained variance (R2) was
determined for the parametric data (Hopkins et al., 2009).
Statistical analyses were performed using Graph Pad Prism
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software 9.5.0 (Graph Pad Software, San Diego, CA,
United States).

3 Results

The subjective perception of fatigue (VAS-F) increased after the
SSG (41.56 ± 14.02 A.U, p = .001, g = 4.15, large effect; Figure 2). The
internal and external load variables measured during SSG are shown
in Table 2.

3.1 Neuromuscular and perceptual-
cognitive response to SSG

After the SSG, a CMJ height decreased (−6.65% ± 6.23%, p =
.014, g = .56, moderate effect, Table 3; Figure 3A), PA time (4.04% ±
2.53%, p = .002, most likely, g = .97, large effect, Table 3; Figure 3B),
and RA time increased (6.45% ± 7.37%, p = .003, likely, g = 1.16,
large effect, Table 3; Figure 3C). The response time in the GNG task
did not change after the SSG (−3.36% ± 8.04%, p = .119, g = .29,
small effect, Table 3; Figure 4A), whereas errors of commission
increased (87.10% ± 138.99%, p = .023, rc = .57, moderate effect,
Table 3; Figure 4B).

FIGURE 2
Individual pre- and post-SSG differences in perceived fatigue.
Circles connected with dashed line indicate the individual data of each
participant; black bold line indicates mean values. Significant changes
between pre- and post-SSG assessment. ***p < 0.001. VAS-F,
visual analog scale of fatigue.

TABLE 2 Physiological response and kinematic profiles of players in the SSG protocol.

MEAN SD (±) CI (90%) CV (%)

HRavg (bpm
−1) 171.71 7.15 169, 175.5 4.2

HRavg (%) 86.57 3.64 85, 88.3 4.2

TDC (m) 2,753 175.29 2,674, 2,834 6.4

TDC (m/min) 91.79 5.92 89.1, 94.5 6.4

<59% HRmax (%) 9.10 8.77 4.66, 13.7 96.4

60%–69% HRmax (%) 3.83 3.32 2.09, 5.57 87.7

70%–79% HRmax (%) 12.34 3.24 10.64, 14.04 26.3

80%–89% HRmax (%) 29.00 11.35 23.04, 34.97 43.43

>90% HRmax (%) 45.85 17.99 36.4, 55.29 43.52

LSR (m) 1,101 102.78 1,055, 1,148 9.3

MSR (m) 1,250 159.53 1,178, 1,322 12.8

HSR (m) 379 74.30 346.4, 425.9 19.6

VHSR (m) 13.50 11.57 8.3, 18.8 85.7

LMACC (n) 171.88 14.91 164.5, 180.7 8.7

HACC (n) 5.43 2.33 4.4, 6.4 42.9

LMDEC (n) 172.63 18.47 165.4, 178.5 10.7

HDEC (n) 9.75 4.89 7.9, 12.1 50.2

MSP (km/h) 22.32 1.53 21.49, 23.12 6.9

CI (90%), 90% lower and upper confidence intervals; CV%, coefficient of variation; HRavg (bpm
−1), average heart rate; HRavg (%), average heart rate from maximum; HRmax (%), time spent in

respective heart rate zone; TDC (m), total distance covered; TDC (m/min), relative total distance covered; LSR, low-speed running (0–6.99 km/h); MSR, medium-speed running (7–13.99 km/

h); HSR, high-speed running (14–20.99 km/h); VHSR, very high-speed running (>21 km/h); LMACC, low to moderate accelerations (1–2.99 m/s); LMDEC, low to moderate decelerations

(1–2.99 m/s); HACC, high-intensity accelerations (>3 m/s); HDEC, high-intensity decelerations (>3 m/s); MSP, maximal speed achieved during SSG.

Frontiers in Physiology frontiersin.org05

Skala and Zemková 10.3389/fphys.2023.1260096

19

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1260096


3.2 Relationship between changes in
performance and exercise load

Significant correlations were found between ΔCMJ height and
VHSR (rs = .660, p = .006), ΔCMJ height andMSP (r = .536, p = .032,
R2 = .286), ΔPA time and HACC (rs = −.764, p = .002), ΔRA time
and VHSR (rs = −.501, p = .022), and ΔRA time andMSP (r = −.524,
p = .037). In addition, ΔGNG errors correlated significantly with
absolute and relative TDC (r = −.576, p = .021; r = −.631, p = .009;
respectively), and ΔGNG response time with MSR (r = −.596, p =
.015, R2 = .319). Moderate, large, and very large correlations between

performance differences (Δ) and respective exercise load are shown
in Table 4.

4 Discussion

As shown, exercise load in SSG leads to a significant increase in
youth players’ subjective perception of fatigue. Considering fatigue
as a multifactorial process, it may interfere with physical, mental,
metabolic, morphological, and biochemical alterations, among
others (Mohr et al., 2005). The exercise load included in the SSG

TABLE 3 Pre- and post-SSG neuromuscular and perceptual-cognitive performance differences.

PRE-SSG POST-SSG Δ MEAN CI (90%) SWC Δ % MBI p ES

VAS-F (A.U.) 21.31 ± 11.12 62.88 ± 9.87 41.56 ± 14.02 26.56, 43.44 2.80 41.56 ± 14.02 100/0/0 <.001 4.15a

Most likely

GNGt (ms) 366.73 ± 34.24 354.4 ± 38.9 −12.34 ± 28.63 −25.11, 0.73 5.89 −3.36 ± 8.04 1.4/18.7/79.9 .119 .29a

Possibly

GNGe (n) 0.93 ± 1.14 1.71 ± 1.48 0.81 ± 1.13 0.30, 1.32 0.28 87.10 ± 138.99 92.7/7.3/0.1 .023 .57b

Likely

CMJ (cm) 29.70 ± 3.65 27.72 ± 3.34 −1.98 ± 1.85 −2.85, −1.12 0.37 −6.65 ± 6.23 0.2/1.8/97.9 .014 .56a

Likely

PA (s) 1.98 ± 0.07 2.06 ± 0.09 0.08 ± 0.05 0.05, 0.10 0.02 4.04 ± 2.53 99.8/0.1/0 .002 .97a

Most likely

RA (s) 2.17 ± 0.11 2.31 ± 0.13 0.14 ± 0.16 0.06, 0.22 0.03 6.45 ± 7.37 99.2/0.8/0 .003 1.16a

Most likely

CI (90%), lower and upper confidence intervals; SWC, the smallest worthwhile change; Δ %, the percentual difference between pre- and post-SSG, measurements; MBI, magnitude based

interference; p, statistical significance; ES, effect size (a, Hedges’ g; b, Cohens’ r); VAS-F, visual analog scale of fatigue; GNGt, average Go/No-go task response time to “go” stimuli; GNGe,

number of errors in Go/No-go task; CMJ, countermovement jump height; PA, planned agility time; RA, reactive agility time.

FIGURE 3
Individual pre- and post-SSG differences in (A) countermovement jump height; (B) planned agility time; (C) reactive agility time. Circles connected
with dashed line indicate the individual data of each participant; black bold line indicates mean values. Significant changes between pre- and post-SSG
assessments. *p < 0.05; **p < 0.01.
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led to changes in the neuromuscular and perceptual-cognitive
performance of youth soccer players. More specifically, their
explosive strength, planned and reactive agility, and accuracy in
the response inhibition task were significantly affected by the 30-min
SSG 4v4 protocol. These deteriorations were not significantly
associated with neither internal nor external load variables.
However, a less pronounced drop in agility performance and
explosive strength after SSG was related to some variables of
external load such as HACC, VHSR, and MSP. This indicates
that the high-intensity efforts performed during the SSG could,
to some extent, compensate for their decrements in youth soccer
players. The deterioration of reactive agility and accuracy in
response inhibition task points to the fact that SSG affects not
only neuromuscular but also sensory and cognitive components of
players’ motor performance.

4.1 Effects of SSG on neuromuscular
performance

Neuromuscular performance was affected by SSG in terms of
decreased CMJ height and increased PA time. These reductions can
be ascribed to players’ high mechanical load in SSGs produced by
numerous changes in speed and direction. This requires the
eccentric strength of knee extensors to reduce movement velocity
in the deceleration phase, and concentric strength in the acceleration
phase (Jones et al., 2009). Repeated muscle contractions produce
muscle damage which may temporarily decrease players’ force
production (Greig and Siegler, 2009; Thorlund et al., 2009). In
addition, the fast transition from concentric to the eccentric phase of
movement relies on a muscle and tendon complex utilizing a
stretch-shortening cycle (Nicol et al., 2006). Fatigue induced by
mechanical load alters the neuromuscular activation patterns of
human skeletal muscle (Gollhofer et al., 1987). Thus, the observed
declines in CMJ height (−6.65%) are in agreement with Rebelo et al.
(2016) who reported decreased CMJ height (−9.4%) after two sets of

three repetitions of 6-min SSG 4v4. Bujalance-Moreno et al. (2020)
applied four 4-min game intervals separated by 2-min passive
recoveries between the bouts. Significant changes were observed
in the linear 20-m sprint time (1.3%) but not in the 5-m sprint and
CMJ height. A different result could be explained by a lower overall
work time in the SSG protocol compared to ours.

Furthermore, repeated high-intensity efforts tend to decrease the
power generated by hamstring and gluteal muscle groups (Small
et al., 2010; Edouard et al., 2018) and affect the change of direction
speed by impaired lower-limbs biomechanics (Cortes et al., 2012).
These presumptions point to the increments of PA and RA times,
which were observed in our study (4.04% and 6.45%; respectively). It
is suggested that neuromuscular performance decrease is likely
associated with the number of accelerations and decelerations.
However, we did not find significant relationships between the
number of high-intensity accelerations and decelerations with
neither CMJ height nor PA time deterioration. On the other
hand, moderate correlations were observed in low to moderate
intensity decelerations with ΔCMJ height (r = −.376) and ΔPA
time (r = .481). This may be ascribed to 4v4 SSGs’ pitch dimensions
which do not allow players to cover enough high-intensity distances
and perform high-intensity accelerations and decelerations.

It needs to be stated that SSGs are adjustable in load variables,
e.g., number of players, pitch size, rules, or work/rest duration
(Sarmento et al., 2018). These factors influence the internal and
external load of players (Hill-Haas et al., 2011), resulting in their
differential response. Specifically, one study suggested that small
formats of SSG (i.e., 1v1 and 3v3) do not have a significant impact on
the lower limb power in CMJ. Even though these players surpassed
our subjects in the relative distance covered in the game (m/min−1)
and the internal load (%HRmax), probably a short exercise duration
could not produce a sufficient external load to induce
neuromuscular fatigue (Clemente et al., 2017). A lower number
of repetitions and longer resting periods compensate for players’
neuromuscular performance decrement. This can also be achieved
by reducing the pitch size of SSGs (Castillo et al., 2019). The question

FIGURE 4
Individual pre- and post-SSG differences in Go/No-go task for (A) response time to “Go” stimuli; (B) incorrect responses to “No-go” stimuli.
*p < 0.05.
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remains whether declines in reactive agility and perceptual-cognitive
performance can be compensated as well.

4.2 Effects of SSG on perceptual-cognitive
performance

A slight decline in players’ response time (−3.36%, n.s.) but a
significant increase in errors of commission (87.1%) was observed in
the response inhibition task. SSGs engage players’ physical and
mental effort in an open-skill and dynamic environment (Owen

et al., 2012; Mitrotasios et al., 2021). Therefore, some aspects of
cognition are affected by sport-specific exercises as well. Previously,
an improved inhibitory control was found in primary school
children after the high-intensity SSG (Lind et al., 2019). Exercise-
induced arousal improves a choice reaction time (Kashihara and
Nakahara, 2005), but it can simultaneously affect object detection in
sport-specific tasks (Klatt and Smeeton, 2021). These findings
support our results, as youth soccer players react to visual stimuli
slightly faster but less accurately after the SSG.

Intermittent exercise induces changes in perceptual-cognitive
processes in both high- and low-level soccer players (Casanova et al.,

TABLE 4 Correlations and simple linear regressions between the exercise load variables and the performance differences (Δ). Only moderate correlations are
reported.

Dependent variable Independent variable r p CI (90%) R2 SE

ΔCMJ TDC (m) .379a .148 −.14, .74 .144 .028

TDC (m/min) .392a .132 −.13, .74 .154 .836

HSR .384a .142 −.14, .73 .147 .096

VHSR .660b .006 .22, .88 — —

LMDEC −.376a .151 −.44, .53 .141 .951

MSP .536a .032 −.05, .88 .286 .066

ΔGNGt TDC (m) −.323a .223 −.71, .20 .104 .032

TDC (m/min) −.333a .207 −71, 19 .111 .583

LSR .402a .123 −.12, .75 .162 .038

MSR −.596a .015 −.85, −.15 .319 .141

LMACC −.410b .111 −.75, .10 — —

LMDEC −.392a .201 −.73, .16 .154 .016

70%–79% HRmax −.345a .191 −.18, .72 .119 .038

>90% HRmax −.338a .064 −.19, .71 .114 .041

ΔGNGe TDC (m) −.576b .021 −.84, .10 — —

TDC (m/min) −.631b .009 −71, 19 — —

MSR −.374b .076 −.74, .17 — —

HSR −.456b .076 −.78, .07 — —

VHSR −.370b .159 −.74, .17 — —

HDEC −.353b .180 −.73, .19 — —

LMDEC −.337b .201 −72, .21 — —

MSP −.531b .053 −.82, .03 — —

ΔPA HACC −.764b .002 −.87, −.21 — —

LMDEC .481a .099 .09, .76 .230 .090

ΔRA <59% HRmax .439a .258 −.44, .55 .193 .078

VHSR −.501b .022 −.32, .64 — —

MSP −.524a .037 −.81, −.04 .275 .214

ΔCMJ, countermovement jump height; ΔPA, planned agility time; ΔRA, reactive agility time; ΔGNGt, average Go/No-go task response time to “go” stimuli; Δ GNGe, number of errors in Go/

No-go task; TDC (m), total distance covered; TDC (m/min), relative total distance covered; HRmax (%), time spent in respective heart rate zone; LSR, low-speed running (0–6.99 km/h); MSR,

medium-speed running (7–13.99 km/h); HSR, high-speed running (14–20.99 km/h); VHSR, very high-speed running (>21 km/h); LMACC, low to moderate accelerations (1–2.99 m/s);

LMDEC, low to moderate decelerations (1–2.99 m/s2); HACC, high-intensity accelerations (>3 m/s); HDEC, high-intensity decelerations (>3 m/s); MSP, maximal speed achieved during SSG

(km/h); r, correlation coefficient (a, Pearson’s correlation coefficient; b, Spearman’s correlation coefficient); p, level of significance; CI (90%), lower and upper confidence intervals; R2, the

amount of variance explained; SE, standard error of regression coefficient.
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2013). These temporal cognitive declines are often ascribed to the
hypothesis of hypofrontality. For the maintenance of motor
functions, the brain is limiting its resources to movement centers,
causing less activation in centers responsible for higher-order
cognitive functions (Dietrich, 2006). However, the lack of
advanced neuroimaging tools available for use in sport-specific
conditions does not allow us to reveal these changes. More
evident is the role of mental fatigue and its impairment of
decision-making, the tactical aspect of performance, and the skill
execution in elite athletes (Russell et al., 2019). It has been shown
that even a 20-min intermittent soccer-specific exercise produces
mental fatigue in well-trained soccer players (Bian et al., 2022).
However, research needs to shed light on the inducement of mental
fatigue by SSGs.

Cognition also plays an important role in reactive agility
performance (Young et al., 2015). It is suggested that reactive
and planned agility differentiate under fatigue conditions (Ciocca
et al., 2022). This may be corroborated by our results with the largest
effect size for ΔRA time (6.45%, g = 1.16). Both the Y-shaped
reactive agility test and the go/no-go task partly focus on the
assessment of decision-making ability. This ability is often
evaluated in soccer by the analysis of in-game successful passing
(i.e., decision-making index) which tends to decrease with an
increasing volume of exercise (Mitrotasios et al., 2021) and
additional inducement of mental fatigue before SSG (Fortes et al.,
2019; Gantois et al., 2020). Our results confirm that changes in
perceptual-cognitive performance occur in response to sport-
specific exercise load. However, the current literature deals with
the lack of information about the effects of exercise on reactive
agility while preferring more conventional methods of planned
agility assessments (Marqués-Jiménez et al., 2022; Bilić et al., 2023).

4.3 Relationship between load variables and
performance changes

No single robust variable of SSG load was related to neuromuscular
nor perceptual-cognitive performance declines in youth soccer players.
In the case of external load, only a ΔPA time was moderately correlated
with the amount of LMDEC. This resulted in a 23% proportion of
variance in ΔPA time increase. It can be assumed that players in our
study were not able to cover enough high-intensity distance and
perform high-intensity accelerations or decelerations, which would
point to these variables as the most contributing to respective
performance declines. From the perspective of internal load, time
spent in <59% HRmax moderately correlated with ΔRA time by a
19% proportion of variance. The discovered relationships did not fully
reveal the contribution of exercise load to the observed declines in
neuromuscular and perceptual-cognitive performance.

Previously, a significant association was found between CMJ
height decline and high-intensity activities in SSG 4v4 (Rebelo
et al., 2016). Similar associations were presented in relation to the
amount of external load in soccer matches (Rampinini et al., 2011;
Silva et al., 2013; Rowell et al., 2017). Since SSGs 4v4 can relatively
overload the mechanical work accumulated in a soccer match
(Lacome et al., 2018), similar associations were expected to be
found in our case. As mentioned above, we did not confirm these
presumptions. Soccer games also include barely detectable high-power

actions without a change in the location of players, such as jumping or
duels (Dalen et al., 2016). However, our findings can be related to the
fact that amateur and professional players’ kinematic profiles in SSGs
differ in the amount of high-intensity actions (Dellal et al., 2011).
Additionally, no correlation was reported between changes in linear
sprint performances and the rate of perceived exertion registered
during the four different 5v5 SSG protocols (Castillo et al., 2019). It is
also suggested that interindividual differences exist between the
perceived effort and the lactate responses of players during SSGs
(Köklü et al., 2015). In accordance with our results, the evaluation of
youth players’ level of fatigue or the response to exercise should
incorporate more than subjective assessment methods.

From the perspective of external load, players who achieved a
higher VHSRdistance andMSP in SSG tend to show a lesser drop in the
ΔCMJ height. Similarly, a correlation of HACC with ΔPA time, and
ΔRA timewithVHSRwas found. A slight compensatory effect occurred
in players who were able to achieve very high-speed running and high-
intensity accelerations. The same was true for the total distance covered
in SSG and the errors in the response inhibition task. In fact, the usage of
SSG, usually in warp-ups, can also have positive effects on CMJ and
reactive agility performance (Zois et al., 2011). Temporally enhanced
performance can be explained by athletes’ physiological response to
physical exercise in terms of increased muscle temperature and blood
flow, increased neural activation, and improved force-velocity
relationship (Binkhorst et al., 1977; Sale, 2002). The lack of
correlation in the case of perceptual-cognitive and reactive agility
performance with load variables would be attributed to the
complexity of SSGs as they engage humans’ motor, sensory, and
cognitive systems (Owen et al., 2012; Figueira et al., 2019).
Therefore, it seems unlikely to reveal a single variable that would
interfere with cognitive performance declines solely from load tracking
data or subjective assessment of players.

Nevertheless, this study has some limitations. Heterogeneity in
study protocols, the performance level or age of participants makes it
difficult to compare our results with the findings of other authors. In
addition, there is a variance in the assessment procedures regarding to
agility and perceptual-cognitive performance testing. Larger sample
sizes and consideration of the growth and maturity levels of players
should bring a more profound understanding of the acute effects of
SSGs on reactive agility and perceptual-cognitive performance. The
novel objective cognitive function evaluation methods could provide
evidence to support temporal cognitive changes in response to acute
bouts of sport-specific exercises. Since themental effort of sport-specific
tasks is often neglected, research would develop a method that counts
physical and psychological exertion of players in these tasks.
Practitioners could better estimate the load of sport-specific
exercises, players’ level of fatigue, and thereby optimize the exercise
load in training microcycles.

5 Conclusion

Fatigue induced by SSG has the most negative effect on reactive
agility, followed by planned agility, and explosive strength in youth
soccer players. It also affects decision-making in response inhibition
task rather than speed of response to visual stimuli. There are no
significant relationships between the external load variables
and neuromuscular performance declines. The accuracy of
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decision-making is not affected by the internal load. Interestingly,
high-intensity actions performed during SSG (i.e., very high-speed
running, high-intensity accelerations) partially compensate for
fatigue-induced declines in agility and explosive strength. Since
load variables and the visual analog scale of fatigue were not able
to fully reveal changes in players’ performance, further research
should aim to develop a method for assessing both the physical and
cognitive components of exercise load in sport-specific tasks, which
would also reflect players’ level of fatigue. Consequently, besides the
acute neuromuscular performance declines, less accurate decision-
making and slower change of direction speed in response to visual
stimuli can be expected after the application of SSG 4v4 in training.

5.1 Practical applications

We suggest using the SSG 4v4 and its numerous modifications to
target players’ agility and decision-making ability. However,
practitioners should be aware of subsequent acute performance
declines in the planning of the training structure. These declines
are hardly detectable by the available load tracking systems and
subjective methods. The application of SSGs with a relatively high
work-to-rest ratio must be manipulated with caution for youth
soccer players.
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Objective: The primary objective of this study was to assess the effects of
10 weeks of FIFA 11+ training on the physical performance of elite seven-a-
side soccer players.

Methods: Twenty-five seven-a-side soccer players were recruited from two
senior national teams. The players completed the following protocols during
10 weeks of training: a) FIFA 11+: The FIFA group (n = 13) underwent the FIFA 11+
program combined with regular soccer training; b) Dynamic conventional warm-
up: The control group (n = 12) underwent regular soccer training. Their ability was
validated using a pre-test followed by a post-test to measure the sprint
performance (5-, 10-, and 20-m sprints), a modified agility T-test (MAT), and a
five-jump test (FJT).

Results: A comparison of pre- and post-tests for physical performance in each
group demonstrated that the FIFA 11+ warm-up significantly improved the 10-m
sprinting performance (p = 0.034; F = 5.04; ηp2 = 0.17) and reduced the time spent
to perform the MAT (p = 0.000; F = 23.16; ηp2 = 0.52) in the FIFA group compared
with the control group; however, no significant changes were observed in the 5-
and 20-m sprints and FJT.

Conclusion: Themain findings of this research showed that the 10-week FIFA 11+
program led to significant improvements in the 10-m sprint andMAT compared to
regular training among elite seven-a-side soccer players. Given these positive
outcomes, further studies on the practical implementation and optimization of the
FIFA 11+ program are warranted to provide valuable guidance for coaches and
athletes, seeking to maximize its benefits in real-world settings.
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1 Introduction

Soccer is a team sport that encompasses a wide range of physical
demands, including short and long sprints, agility, rapid changes in
direction, tackling, jumping, and kicking the ball (Haycraft et al.,
2017; Seyedi et al., 2023). Consequently, it garners significant
attention from researchers and practitioners, aiming to optimize
training methods and techniques for enhanced physical
performance (Miguel et al., 2021; Torres-Ronda et al., 2022;
Ammann et al., 2023). In this context, the development of
effective warm-up programs, which prepare soccer players for
these challenges, holds paramount importance (Fort-
Vanmeerhaeghe et al., 2016).

The FIFA 11+ program has emerged as one such preparatory
training program designed specifically for soccer players (Franchina
et al., 2023). Endorsed by the International Federation of Football
Association (FIFA), it incorporates various cardiovascular and
neuromuscular activities aimed at promoting body control,
neuromuscular coordination, and postural stability during
physical and athletic exercises (Steffen et al., 2013; Franchina
et al., 2023). The program comprises 15 exercises grouped into
three sections: 1) running exercises with stretching and co-worker
contacts; 2) exercises that focus on core and leg strength, agility, and
plyometric training; and 3) advanced running exercises and change-
of-direction speed (Seyedi et al., 2023).

Compared to other warm-up approaches, the FIFA 11+
program offers several distinct advantages. First, it does not
require any additional or specific equipment, making it easily
accessible for coaches and players (Bizzini et al., 2013).
Additionally, studies have demonstrated that the FIFA 11+
program can elicit acute improvements in performance, including
a reduction in 20-m sprint time, an increase in jump height, and
improved agility compared to dynamic warm-ups (Bizzini et al.,
2013; Pomares-Noguera et al., 2018). Moreover, in addition to its
potential benefits for neuromuscular control (Impellizzeri et al.,
2013), the FIFA 11+ program also leads to similar improvements in
resting oxygen uptake, core temperature, and lactate levels when
used as conventional warm-ups, indicating its effectiveness in
preparing players for the physical demands of the game
(Pomares-Noguera et al., 2018).

An essential benefit of the FIFA 11+ program lies in its
established effectiveness in mitigating the incidence of sports-
related injuries, notably those affecting the lower extremities,
including knee injuries (Owoeye et al., 2014; Silvers-Granelli
et al., 2015; Al Attar et al., 2021; Miguel et al., 2021). This
reduction in injury incidence is attributed to improvements in
the neuromuscular control of the trunk and lower limb achieved
through the regular implementation of the FIFA 11+ program
(Daneshjoo et al., 2012). It has been suggested that the high
neural demand of plyometric training (e.g., countermovement
jump for maximum height and double-leg hops in different
directions) included in FIFA 11+ can provide a stimulus that
aligns with proliferation in neural coordination and central
nervous system maturation, notably observed during pre-
pubescence (Lloyd et al., 2016). Additionally, athletes who
participate in FIFA 11+ benefit not only from
neurophysiological adaptations but also from dynamic
correspondence, specifically in terms of horizontal force

production vectors, which contribute to improved
performance (Arede et al., 2022).

However, no studies have investigated the effectiveness of the
“FIFA 11+” warm-up. It is well known that a sufficient warm-up is
able to improve the performance and reduce the injury risk (Bizzini
et al., 2013). With this background and in detail, we consider the
following main targeted physiological factors: an increase in muscle
and core temperature, anaerobic metabolism, nerve conduction rate,
blood flow, and oxygen delivery to muscles (Bishop, 2003). The
dynamic exercises that are covered by “FIFA 11+” are potentially
enough to induce physiological modifications suitable for an
appropriate warm-up. This warm-up protocol has been the
subject of several studies in numerous age groups (Neto et al.,
2017). Some encouraging findings from a randomized controlled
trial suggested that the FIFA 11+ program may be helpful in
producing a significant improvement in vertical jump and
change-of-direction speed among 9–11-year-old female soccer
players (Parsons et al., 2019). However, despite the number of
studies exploring the chronic effects of FIFA 11+ on some
measures of physical performance (Daneshjoo et al., 2012;
Impellizzeri et al., 2013; Steffen et al., 2013), postural stability,
sprinting, and jumping ability (Daneshjoo et al., 2013;
Impellizzeri et al., 2013), the findings of the literature are
conflicting and hence not conclusive (Robles-Palazón et al.,
2016). In addition, its short- or long-term effects on physical
performance, especially in elite seven-a-side soccer players,
remain relatively unexplored.

Therefore, the first aim of this present study was to evaluate the
effects of 10-week FIFA 11+ on several physical performance
measures (sprinting, jumping, and change-of-direction speed) in
elite seven-a-side soccer players, in order to find out whether this
program can be considered an appropriate warm-up routine for
soccer players. The second aim was to compare the effects of the 10-
week FIFA 11+ warm-up in an experimental group and a regular
warm-up in a control group on short sprint, change of direction, and
horizontal jump performances in elite senior seven-a-side soccer
players. Due to the lack of comparable reports, we propose the null
hypothesis that there will be no difference in the physical
performance tests between FIFA 11+ and regular warm-up
programs.

2 Materials and methods

2.1 Sample of subjects

In this study, we conducted a priori power calculations using
G*power software to determine the necessary sample size. The
purpose of these calculations was to ensure that our study has a
high probability (80%) of detecting a significant effect, given a 5%
level of significance (alpha). In other words, we aimed to have a
strong likelihood of identifying meaningful results if they exist in our
data. The estimated effect size of 0.50 represents the magnitude of
the difference we expect to observe between conditions. This value is
crucial as it helps us gauge the practical significance of our findings.
By performing these power calculations, we aimed to optimize the
study’s design and sample size, ensuring that our research can
provide meaningful and statistically sound conclusions. Based on
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G*Power, 12 participants per group for a total of 24 participants
were needed. Participants included 25 soccer male athletes (FIFA
group, n = 13; control group, n = 12) from two teams. The two teams
were randomly allocated to the FIFA group and control group using
the simple random sampling technique between the two teams using
a coin flip (Melnyk and Morrison-Beedy, 2020). A unique identifier
was assigned to each team (the two teams were labeled as the control
group and FIFA group). In order to ensure the confidentiality of the
randomization sequence, this process was conducted by another
independent assessor researcher external to the study.

Based on the players’ baseline characteristics including
anthropometric data and the history of previous injuries, which
were given by the medical staff (team physician and physiotherapist)
for each individual player, none of the players suffered from any
musculoskeletal disorders, and they were required not have been
dependent on a medical procedure on the lower limb during
3 months prior to the study. The study involved participants
from the first national championship soccer (Division-I), and it
is important to clarify that the participants were seven-a-side
professional soccer players. They underwent training sessions for

4–5 days a week (~90 min per session) and played one match over
the weekend. All participants possessed more than 8 years of
experience in soccer training and competition and took part in
national championship at the time of investigation. The age and
anthropometric characteristics (height and bodymass) of the groups
are listed in Table 1.

After randomization of the groups and before beginning the
FIFA 11+ program, two soccer players were excluded because of leg
injury.

The study adopts a pre-test–post-test control group character
design with an intervention period of 12 weeks. Two teams were
used (Figure 1): the FIFA group (n = 18), which is considered the
experimental group, and the control group (CG; n = 14).

After randomization of the groups and during the intervention,
five soccer players from the FIFA group and two players from the
control group were injured. The FIFA group was then reduced to
thirteen players, while the CG was reduced to twelve players.

2.2 Experimental design

Two weeks before the pre-test measurements, all subjects
completed two familiarization trials of all procedures except the
anthropometric characteristics. Subjects of the two groups (control
and FIFA groups) performed measurements of speed (i.e., 5-, 10-,
and 20-m sprints), modified agility T-test (MAT), and five-jump test
(FJT) before and after training.

TABLE 1 Characteristics of both groups (mean ± SEM, n = 25).

Group Age (years) Height (cm) Body mass (kg)

Control 25.6 ± 1.25 179 ± 1.35 71.9 ± 2.07

FIFA 28.1 ± 0.79 178 ± 1.21 77.9 ± 2.30

FIGURE 1
Consort diagram includes detailed information about the interventions received and the number of participants through each stage.
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Pre- and post-tests were conducted over 2 days with an interval
of 72 h between each session. The test measurements were
completed using the same testing order for all performance tests
on the same soccer field. The details of the study were explained to
the participants by the researchers. All procedures were approved by
the Manouba University Institutional Review Committee (Tunisia)
for the ethical use of human participants and were conducted in
accordance with the Declaration of Helsinki. The participants were
informed that they were free to withdraw from the study at any time
without penalty. Individual written consent was obtained from all
participants after they had received both oral and written
explanations of the experimental procedure and its possible risks
and benefits.

The study was realized over a period of 12 weeks during January,
February, and March as part of an official competitive season. To
minimize the effects of circadian rhythms on performance, all
sessions were conducted at the same time of the subjects’ regular
training session time (in the evenings) and at same temperature and
humidity ranges (22°C–24°C and 38%–42%, respectively). After the
completion of the pre-test, the control group participants were asked
to continue their regular training (which consists of standard
jogging, ball exercises, and whole-body stretching). In addition to
regular training, the FIFA group performed the FIFA 11+ program
three times a week, with a mean of 20 min per session. Three
training sessions per week (~90 min per session) on different
days (non-consecutive days) were performed. In addition, the
participants played an official match per week.

The data collection involved a baseline phase followed by
10 weeks of the FIFA 11+ program and a final phase at the end
of the FIFA 11+ program (Figure 2).

2.3 Testing procedures

2.3.1 Modified agility T-test (MAT)
The MAT was determined to examine the change-of-direction

speed during forward sprinting, lateral leftward and lateral

rightward shuffling, and back-pedaling (Sassi et al., 2009). A
photocell system (Microgate, Bolzano, Italy) was used to measure
the time. Each player performed two trials with at least 2-min rest
between trials, and the best MAT time was used for the analysis.
Subjects were instructed to begin the test with both feet placed on a
marked line of 30 cm behind the starting gate (Mathisen and
Danielsen, 2014) and 1) run as quickly as possible forward linear
(5 m) to cone 2 and then touch its base with their right hand
(Figure 3). 2) Next, facing forward and without crossing feet, they
should sidestep to the left 2.5 m to cone 3 and touch its base with the
left hand. Afterward, they must 3) sidestep to the right 5 m to cone 4,
and touch its base with the right hand. Then, they should sidestep
back 2.5 m to cone 2, touching its base and run back as quickly as
possible toward the finish line (Figure 3; Sassi et al., 2009).

2.3.2 Sprint test
The 20-m sprint test was preceded by a standardized warm-up

with two sub-maximal 20-m sprints. Four paired photocells

FIGURE 2
Schematic representation of the study design. R, randomization; FJT, five-jump test; MAT, modified agility T-test.

FIGURE 3
Modified agility T-test (MAT) showing the movement patterns
which should be performed.
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(Microgate, Bolzano, Italy) were used and positioned in a straight
line at distances of 0, 5, 10, and 20 m along the course. The paired
photocells, separated by a distance of 1.5 m (Yeadon et al., 1999),
were located 1 m above the ground at the starting and finishing lines.
The first sprint was started 30 cm behind the starting photocell gate,
and time measurement started when the subject traversed the first
gate. Players performed two maximal 20-m sprints, and the best
performance was used for the statistical analysis. Times over 5, 10,
and 20 m were recorded. A 5–8-min rest interval of recovery was
allowed between the two trials, and the fastest time for each distance
was retained to be analyzed.

2.3.3 Five-jump test (FJT)
This test was used to evaluate player’s lower limb explosive

power. For the FJT, each player should perform, from an upright
standing position, five forward jumps by alternating left- and right-
leg ground contacts and tried to cover a maximal distance. At the
start of the FJT, each player with joined feet had the choice to select
which foot to put first. Distances covered when performing the five-
jump test were measured using a tape measure (Ayed et al., 2020).

2.4 Training program

The weekly soccer training regimen was followed by both teams
(three 90-min sessions per week and onematch per week). The study
assistants paid both teams a visit at least once per week to verify
whether the groups did the suggested soccer training with a regular
warm-up. The same weekly soccer training regimen was followed by
both teams with three 90-min sessions per week and one match per
week. The training including FIFA 11+ was conducted by the
habitual coach of the FIFA group (i.e., the same coach of the
team) after identifying and presenting the FIFA 11+ program
and completing two familiarization trials of all procedures. The

FIFA 11+ warm-up comprised a program with a total duration of
20 min and included three levels of difficulty, which depends on the
athletes’ age and their physical aptitude. Therefore, level II of
difficulty, which was completed during the familiarization
sessions, was chosen for this study. It consists of three parts
(Impellizzeri et al., 2013). The first part consists of running
exercises; the second part focuses on core and leg strength,
balance, and plyometric/agility; and the third part includes
running exercise combined with direction changes (cutting
movements). In this research, during the experimental period,
the FIFA group followed the third and the hardest level, while
the control group performed their usual soccer training, as applied
by Trajković et al. (2020) (Table 2).

2.5 Data analysis

Data are presented as the mean ± standard error of the mean
(SEM). SPSS version 28.0 for Windows (IBM, Armonk, NY,
United States) was used for all statistical analyses. Normality
distribution was determined using the Shapiro–Wilk test (p <
0.05). Moreover, the sphericity and homogeneity were checked
using Mauchly’s and Levene’s tests, respectively. The effects of
the interventions on the physical parameters were analyzed using
a 2 × 2 (control and FIFA groups x pre- and post-test) two-way
repeated measures analysis of variance (ANOVA). Test–retest
reliability was established using the intraclass correlation
coefficient (ICC). The absolute reliability, measured by the
coefficient of variation (CV%), was calculated by dividing the
SEM and the sum of the average attempts and multiplied by 100
(Macadam et al., 2017). The interpretation of the ICC values was
based on Shrout and Fleiss (1979). The ICC was considered to show
excellent relative reliability (inter-subject variability) when >0.75,
fair to good when 0.40–0.75, and poor when <0.40. The CV can be

TABLE 2 ‘‘FIFA 11+’’: Exercises, duration, and intensities of the structured warm-up program used (F-MARC).

Exercise Duration (min)

Part 1: Running 8

Straight ahead, hip out, hip in, circling partner, shoulder contact, and quick forward and backward (six running items, each item performed
in two sets)

Part 2: Strength and plyometric and postural stability 10

The bench

Static, alternate legs, and one leg lift and hold (three items, each item performed in three sets)

Sideways bench

Static, raise, and lower hip, with leg lift (three items, performed in three sets on each sides)

Hamstring

Beginner (3–5 repetitions, one set), intermediate (7–10 repetitions, one set), and advanced (12–15 repetitions, one set) (three items)

Single-leg stance

Hold the ball, throwing the ball to the partner, and test your partner (three items, each item performed in two sets)

Squats

With toe raise, walking lunges, and one-leg squats (three items, each item performed in two sets)

Jumping

Vertical jumps, lateral jumps, and box jumps (three items, each item performed in two sets)

Part 3: Running exercise 2

Across the pitch, bounding, plant, and cut (three items, each item performed in two sets)
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defined as good with values <10% (Brughelli and Van Leemputte,
2013). The statistical significance was set at p < 0.05. Effect size,
presented by partial eta-squared (ηp2), was determined to assess the
magnitude of the effects (Macadam et al., 2017). Partial eta-squared
(ηp2) was chosen because it is particularly suitable for assessing the
proportion of variance explained by each factor while accounting for
the interactions among factors and the impact of covariates. The
more independent the variables included in the model, the less
accurate the use of the eta-squared compared to the partial eta-
squared. The use of this effect size aligns with the classification
provided by Cohen (1988): 0.01 < ηp2 < 0.06 (small effect), 0.06 <
ηp2 < 0.14 (medium effect), and ηp2 ≥ 0.14 (large effect).

3 Results

At baseline, there were no significant differences in the
anthropometric characteristics and physical performance
parameters between the groups (p ≥ 0.05). Mean repeated
measure indices displayed strong inter-trial (ICC = 0.86–0.94; CV
%: 4.5–7.0) and intersession reliability (ICC = 0.89–0.95; CV%:
2–14). A coefficient of variation (CV%) ranging between 4.5% and
7% is generally considered quite favorable when assessing reliability.
The goal of having a CV of less than 10% to denote reliability is
widely accepted within the scientific community (Turner et al.,
2015), which suggests that our study exhibits relatively low
variability in relation to the mean. This means that the
measurements are relatively consistent and precise. The
differences between pre- and post-tests in the FIFA 11+ warm-up
were determined for different performance variables in each
group. The results demonstrated that the FIFA 11+ warm-up
significantly improves the 10-m sprinting performance in the
FIFA group. In fact, the time performance was significantly
reduced from 1.95 ± 0.05 s to 1.88 ± 0.08 s for the 10-m sprint
(p = 0.034; F = 5.04; ηp2 = 0.17). However, no significant changes
were observed for the 5-m (p = 0.531; F = 0.68; ηp2 = 0.03) and 20-m
sprints (p = 0.051; F = 4.23; ηp2 = 0.15).

Furthermore, the time spent to perform the MAT was
significantly reduced in the FIFA group from 6.43 ± 0.47 s to
5.51 ± 0.27 s (p < 0.001; F = 23.16; ηp2 = 0.52) in the post-test
compared to that observed in the pre-test (Table 3). The differences
observed in the pre- and post-tests for the remaining studied

physical performance parameters for the FIFA 11+ program (5-
and 20-m sprints and FJT) were not significant. However, no
significant effect was observed between the values of pre- and
post-tests in the control group who underwent the habitual
training program (Table 3).

4 Discussion

The aim of this study was to investigate the effects of the FIFA
11+ warm-up program over a 10-week period on the physical
performance of elite seven-a-side soccer players. The results of
our study indicated that after completing the program for
10 weeks, certain physical performance parameters, such as the
10-m sprints and the MAT, showed significant improvements as
a result of the training stimuli provided by the FIFA 11+ program.

The observed effects of the FIFA 11+ program on physical
performance were generally in the range of moderate to substantial,
and they align with findings commonly reported in the existing
literature. Numerous studies have reported improvements in various
physical performance variables in soccer players following the
implementation of the FIFA 11+ program. These improvements
encompass a wide range of aspects. In particular, Daneshjoo et al.
(2013) and Kilding et al. (2008) reported benefits in jumping height,
20-m sprint time, and Illinois agility tests compared to traditional
warm-up routines. These improvements were observed in young
male professional football players aged between 17 and 20 years
(Daneshjoo et al., 2013) and preadolescent football players with an
average age of 10.4 ± 1.4 years (Kilding et al., 2008). Both groups
experienced these positive effects after participating in the FIFA 11+
program three times per week for 2 months.

Similarly, Ayala et al. (2017) noted significant improvements in
sprinting speed, both in 10- and 20-m sprints, among young male
amateur soccer players with an average age of 16.8 ± 0.7 years. These
improvements were observed after the participants engaged in the
FIFA 11+ program for 4 weeks, with three sessions per week.
Furthermore, Arede et al. (2022) reported a significant decrease
in 0–20-m sprint times and change-of-direction times in youngmale
soccer players with an average age of 11.2 ± 0.7 years. These findings
collectively suggest the positive impact of the FIFA 11+ program on
various aspects of physical performance in different age groups of
soccer players.

TABLE 3 Descriptive statistics (mean ± SEM) for sprint (5, 10, 20 m), modified agility T-test (MAT), and five-jump test (FJT) performance. Relevant mean differences
(ηp2 ≥ 0.14) marked in bold.

Test Control group mean ±
SEM (s)

FIFA group mean ±
SEM (s)

Group Time time * group

Pre-test Post-test Pre-test Post-test F p ηp2 F p ηp2 F p ηp2

5-m sprint 1.08 ± 0.02 1.09 ± 0.01 1.14 ± 0.02 1.10 ± 0.02 0.40 0.53 0.02 0.68 0.42 0.03 0.09 0.77 0.01

10-m sprint 1.81 ± 0.03 1.87 ± 0.02 1.95 ± 0.18 1.88 ± 0.06 5.04 0.03 0.17 4.02 0.06 0.14 1.40 0.25 0.05

20-m sprint 3.13 ± 0.03 3.18 ± 0.03 3.22 ± 0.04 3.24 ± 0.03 4.23 0.05 0.15 3.21 0.09 0.12 0.01 0.92 0.00

MAT 6.57 ± 0.07 6.22 ± 0.13 6.43 ± 0.13 5.51 ± 0.08 23.2 <0.001 0.52 20.1 <0.001 0.49 1.01 0.33 0.05

FJT 11.6 ± 0.10 11.6 ± 0.12 11.3 ± 0.20 11.5 ± 0.22 0.89 0.46 0.02 0.88 0.36 0.03 0.45 0.51 0.02

SEM: standard error of measurement; ηp2: partial eta-squared.
Time: This is an independent variable, and it represents two different time points—pre-test and post-test. These time points were used to measure changes over time in the study.
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For a field sport athlete, the distance from 5 to 10 m in a sprint
could be viewed as a transitionary period between initial acceleration
and peak velocity. Training protocols that encourage high force
production (i.e., weights or plyometric training) may be required to
enhance performance in the transition from acceleration to
maximum velocity in field sports (Lockie et al., 2012). Regarding
our results, the significant improvement in the 10-m sprint
performance after the FIFA 11+ program, without a
corresponding significant improvement in the 5-m sprint, can be
explained by the unique demands of these two sprint distances and
the specific nature of the training protocols involved. In a sprint, the
first 5 m typically involves initial acceleration (Lockie et al., 2012),
where athletes need to generate quick bursts of speed from a
stationary position. This phase relies heavily on explosive power
and rapid acceleration, and it can be influenced by factors such as the
strength of the leg muscles, coordination, and technique. It is during
this phase that a high ground reaction force is critical. Therefore, it is
possible that the FIFA 11+ program, while beneficial for the
transition phase and peak velocity, may not specifically target the
requirements of the 5-m sprint phase, which demands rapid
acceleration. This could explain the absence of a significant
improvement in the 5-m sprint, despite the improvements
observed in the 10-m sprint.

The FIFA 11+ program, while effective in enhancing aspects of
performance, may primarily focus on elements that benefit the
transition from acceleration to maximum velocity, which often
occurs in the 10-m phase of a sprint. This transition phase is
different from the initial acceleration phase and places different
demands on the athlete. It involves maintaining and increasing the
speed, and it may benefit from the development of maximal
strength, power, and neuromuscular coordination.

It seems that soccer players who participated in FIFA 11+ have
demonstrated neurophysiological adaptations, as indicated by Arede
et al. (2022). This study supports previous research suggesting that
plyometric training is highly effective in improving short-to-
medium sprinting times (under 20 m). Following plyometric
training, sprint training emerges as the most effective method for
further improving sprint times in participants at the pre-peak height
velocity stage (Rumpf et al., 2012). Notably, the FIFA 11+ protocol
incorporates sprinting-based activities, including 40-m sprints at
75%–80% of maximum speed, involving movements that utilize the
stretch-shortening cycle. These activities have the potential to
enhance an individual’s rate of force development, impulse
generation, and muscle stiffness—neurophysiological adaptations
associated with optimized sprint performance (Haff and Triplett,
2016).

However, the lack of improvement in the FJT could be due to
various factors, including the duration of the training program, the
specific demands of these tests, and the individual responses of the
athletes. It is possible that more extended or targeted trainingmay be
needed to obtain significant changes in longer sprints and explosive
power measured by the FJT.

Additionally, the program has been associated with
improvements in dynamic balance (Steffen et al., 2013), jump
height (Blazevich and Babault, 2009), and muscle strength and
power (Steffen et al., 2013). In direct comparisons to a standard
dynamic warm-up, researchers have consistently observed
enhancements in agility times and improved endurance of trunk

muscles among participants who followed the FIFA 11+ program
(Trajković et al., 2020). These findings collectively emphasize that
the FIFA 11+ warm-up program effectively enhances various aspects
of physical performance among soccer players.

However, in contrast to our findings, some studies have reported
no improvements in several specific physical performance aspects
relevant to soccer practice. Notably, our results regarding sprint tests
contradicted the outcomes of previous studies conducted on male
amateur soccer players aged 23.7 ± 3.7 years, specifically in the
context of sprints (10 and 20 m) and the agility T-test (Impellizzeri
et al., 2013). One potential explanation for these contradictory
results could be the differing durations of the intervention phases
within the training regimens used by the respective authors. For
instance, Impellizzeri et al. (2013) found no significant improvement
in sprint performance among professional soccer players following a
2-month FIFA 11+ training program that incorporated soccer-
specific content. Similarly, after a 9-week period of implementing
the FIFA 11+ program, Impellizzeri et al. (2013) reported
comparable results among amateur soccer players. These
variations in outcomes may be attributed to differences in the
duration of the intervention programs and the specific content of
the training, highlighting the importance of considering these
factors when evaluating the impact of warm-up programs on
physical performance in soccer players.

To assess this, the players substituted their regular warm-up
routine with “FIFA 11+” three times a week for a total of 9 weeks.
During the first 3 weeks, they followed level 1 of the program. In the
following 3 weeks (weeks 4 to 6), they advanced to level 2, and in the
last 3 weeks (weeks 7 to 9), they progressed to level 3. The post-test
results of agility performance metrics in our study were consistent
with the findings from other research studies (Zarei et al., 2018;
Trajković et al., 2020). However, it is worth noting that some authors
have reported that the Illinois agility test results remained unaffected
by FIFA 11+ exercises, as demonstrated by Impellizzeri et al. (2013)
and Lopes et al. (2019). It is important to recognize that while there
is a relationship between the Illinois agility test and the modified
T-test, there are key distinctions between the two tests. The MAT is
not a continuous running test; instead, it involves multiple stopping
and re-activation phases. This fundamental difference sets the T-test
apart from the Illinois tests, as highlighted by Muniroglu and Subak,
(2018).

An important argument to consider is that exercise-based injury
prevention programs have the potential to improve relevant
performance measures, as demonstrated by Maffulli et al. (2011).
Existing evidence suggests that injury prevention programs can have
beneficial effects on various performance parameters among soccer
players. These effects encompass improvements in anaerobic power
(Kilding et al., 2008; Daneshjoo et al., 2013), sprint performance
(Kilding et al., 2008), neuromuscular control (Impellizzeri et al.,
2013), and agility performance (Daneshjoo et al., 2013; Rössler et al.,
2016).

The FIFA 11+ program has been shown to have potential
benefits for neuromuscular control; however, Impellizzeri et al.
(2013) noted that its impact on the overall athletic performance
of soccer players may be limited. Notably, in their study, even
though players undergoing the FIFA 11+ program tended to show
improvements in the Illinois agility test and sprint performance only
after 9 weeks, these improvements did not reach statistical

Frontiers in Physiology frontiersin.org07

Foqha et al. 10.3389/fphys.2023.1236223

33

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1236223


significance (p for interaction 0.126 and 0.042, respectively). The
absence of significant improvements in these performance measures
could be attributed to the training stimulus provided by the FIFA
11+ program, which may have been insufficient in terms of both
intensity and duration to elicit a notable response in the measured
soccer performance parameters. Impellizzeri et al. (2013) suggested
that while the amount of plyometric and agility training in the FIFA
11+ program might be adequate for enhancing neuromuscular
control, it may fall short of the intensity typically employed to
improve these aspects in soccer players, particularly through
dedicated plyometric training. It is important to note that direct
comparisons of the results of these studies with those of our current
study should be done cautiously due to differences in study
populations and the presence of various uncontrolled
confounders, both experimentally and statistically, which may
have influenced the outcomes.

Steffen et al. (2013) indicated that the lack of significant
improvement in physical performance following the FIFA 11+
program could be attributed to several factors. One key factor is
the relatively low intensity of the FIFA 11+ program itself
compared to the high-intensity demands of soccer practice. In
our study, we specifically used the second level of the FIFA 11+
program, which is designed to be more intensive than the first
level but less intensive than the third level. While the second level
represents an intermediate intensity option within the program, it
is essential to note that the FIFA 11+ program offers a progression
through three distinct levels to cater to various fitness levels and
demands. This allows for flexibility in tailoring the warm-up to
suit the needs of different groups of soccer players. The primary
objective of the FIFA 11+ program is not necessarily to enhance
physical performance but rather to familiarize players with proper
movement techniques, methods, and body alignments to reduce
the risk of injuries. In contrast, soccer practice typically involves
intense physical activities that demand a high level of effort and
performance from the players. As such, the FIFA 11+ program
may not provide the same level of intensity and specificity
required to significantly enhance athletic performance,
especially in areas such as sprinting, agility, and explosive
power. Therefore, it is important to recognize that the FIFA
11+ program primarily serves as a warm-up strategy. While it
may have some positive effects on physical performance, its main
focus is on reducing injury risk by promoting proper movement
patterns and body alignments.

It is interesting to note that the sprint test results of amateur
soccer players showed significant improvements only after 4 weeks
of following the FIFA 11+ program, as reported by Ayala et al.
(2017). This finding aligns with the outcomes of previous studies
(Rössler et al., 2016; Panagoulis et al., 2020). In particular, Ayala
et al. (2017) highlighted that amateur soccer players experienced
notable enhancements in sprinting speed after engaging in the FIFA
11+ program for 4 weeks, with three sessions per week. This
improvement in sprint performance is consistent with previous
research that suggested the effectiveness of plyometric training in
reducing short sprint times (typically less than 20 m), especially
among athletes in the pre-peak height velocity stage (Wang and
Zhang, 2016; Beato et al., 2018). Lloyd et al. (2016) previously found
that plyometric training, which includes exercises such as double-leg
hops in various directions and countermovement jumps for

maximum height (similar to components of the FIFA 11+
program), can stimulate neural coordination and central nervous
system maturation during the prepubescent stage. This neural
demand and training stimulus may contribute to the observed
improvements in sprinting performance among soccer players
who undergo programs like the FIFA 11+ program.

The observed improvement in physical performance can be
attributed to the specific characteristics of the FIFA 11+ program,
which includes a range of exercises such as balancing, jumping,
squatting, bounding, cutting, and muscle strength training. These
exercises have the potential to improve various aspects of physical
performance, including strength, neuromuscular recruitment, and
muscle coordination (Chimera et al., 2004). These aspects of
physical performance can play a significant role in improving leg
power, speed, and agility.

The effectiveness of the FIFA 11+ program in enhancing
athletic performance (particularly the 10-m sprint and the
MAT) can be further understood in the context of plyometric
exercises. As a rule, the more specific a plyometric exercise is to the
stretch rate and load characteristics of the sport movement, the
greater the transfer of the training effect to performance (Cormie
et al., 2011; Sáez de Villarrea et al., 2012). Equally, in the FIFA 11+
program, there are some dynamic exercises, particularly in part 2,
which may adequately optimize the neuromuscular system and
improve proprioception, muscular activity, and joint stability
(Hübscher et al., 2010). These underlying mechanisms are
theorized to elicit specific adaptations in the neural drive, rate
of neural activation, and inter-muscular control, which results in
an improved rate of force development (Cormie et al., 2011).
Additionally, the inclusion of sprinting, agility, and plyometric
exercises alongside neuromuscular exercises in the FIFA 11+
program, which also emphasizes the importance of correct
techniques in various movements (Impellizzeri et al., 2013;
Akbari et al., 2019), aligns well with this principle.

The observed increase in core temperature following the
FIFA 11+ warm-up, as reported by Zois et al. (2011), is
indeed consistent with the improvements in various
performance measures such as 20-m sprints, agility, vertical
jump, and stiffness. However, we acknowledge that there are
also adaptations not associated with temperature, such as post-
activation potentiation (PAP), which can contribute to
performance improvements. These findings are in line with
similar studies (Mohr et al., 2004; Brown et al., 2008), which
also indicated that warm-up routines can lead to enhanced
performance. Another notable benefit of the FIFA 11+ warm-
up is the increase in baseline VO2max, as suggested by Bizzini et al.
(2013). This increase in aerobic capacity may reduce the
anaerobic contribution during the initial stages of subsequent
exercises. By focusing on oxidative mechanisms at the beginning
of the task, there is a potential reduction in the oxygen deficit and
a decrease in the contribution of anaerobic energy sources
necessary for subsequent anaerobic activities. These effects can
contribute to an improved endurance related to the ability to
recover during and after high-intensity efforts.

While our study identified a significant improvement within the
FIFA group compared to baseline measurements, it is important to
acknowledge the absence of a statistically significant difference
between the FIFA group and the control group. This apparent
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lack of difference may be attributed to several factors that warrant
consideration.

• Small sample sizes: Both groups had relatively small sample
sizes (FIFA group, n = 13; control group, n = 12). This limited
sample size may have reduced the statistical power to detect
differences between the groups, even if true differences exist.

• Baseline characteristics: The participants in both groups had
similar baseline characteristics, such as age, fitness level, and
physical performance. The initial similarity between the two
groups may have posed a challenge in detecting significant
differences resulting from the intervention.

• Variability within groups: Despite significant improvements
within the FIFA group, there may have been substantial
variability or individual responses to the intervention. This
within-group variability could have obscured the between-
group differences. Some participants within the control group
may naturally show improvements over time, and some within
the intervention group may not respond as expected. This
individual variability can make it challenging to observe
significant differences at the group level.

• Duration of intervention: The duration and intensity of the
FIFA group’s intervention may not have been sufficient to
generate significant differences between the groups during the
study’s timeframe. Longer or more intensive interventions
might be required to observe notable effects.

While our study did not reveal statistically significant differences
between the FIFA and control groups, the observed significant
improvement within the FIFA group indicates that further
investigation is warranted. Future research should aim to
investigate the effects of longer-term applications of the FIFA
11+ program on a wide range of physical performance variables
and soccer-related skills. These studies should employ randomized
control trial designs to ensure rigorous scientific investigation.
Additionally, it would be valuable to examine the impact of the
FIFA 11+ program on the performance of young athletes,
specifically considering their maturity status. Young athletes may
respond differently to training interventions due to their
developmental stage, and understanding these effects is crucial.
Furthermore, future studies should seek to uncover the
mechanisms underlying the observed reduction in injury
incidence associated with the FIFA 11+ program. This could
involve investigating the influences of the program on
neuromuscular control, biomechanics, and other factors related
to injury risk in various team sports, as suggested by Gomes
Neto et al. (2017). By conducting well-designed and
comprehensive research in these areas, we can further validate
the improvements in physical performance associated with the
FIFA 11+ program and gain a deeper understanding of the
contribution of the program to reducing injuries in collective sports.

4.1 Strengths and limitations of the study

Despite this study being the first to be realized in elite seven-a-
side soccer players, it remains unclear whether the current findings
can reflect general data also for elite eleven-a-side soccer players or

rather represent only a team of elite seven-a-side soccer players. This
is why prudence must be taken when generalizing these results.
Another important limitation was the small sample size used in both
the control and experimental groups. In our study, a significant
number of dropouts occurred primarily due to injuries that occurred
during the intervention, particularly during weekend matches and
training sessions. Participants were engaged in intensive training
4–5 days a week, in addition to participating in competitive weekend
matches. The nature and frequency of these activities increased the
likelihood of injuries. Consequently, five participants from the FIFA
group and two from the control group were injured, leading to an
imbalance in group sizes. This high dropout rate affected the
statistical power of our study and may impact the findings. To
address this limitation, we recommend that future research should
explore strategies for mitigating injuries and dropouts, including
more extensive injury prevention protocols and modified
interventions. These recommendations are intended to enhance
the quality and practicality of future studies. However, although
the sample size that was recruited for this experiment was small,
significant main effects were observed. The nature of the study is
based on examining these variables at a specific point in time.
However, further profiling studies of elite male and female youth
soccer players are necessary in order to establish reference data
about the long-term FIFA 11+ program. Future research studies
should take this into account and attempt to follow changes in a
reproducible manner over a long-term period.

5 Conclusion

The experimental research presented in this study has confirmed
that the 10-week FIFA 11+ program led to notable improvements in
the 10-m sprinting performance and reduced the time spent to
perform the MAT, particularly among elite seven-a-side soccer
players, when compared to regular training. These findings align
with previous research studies, indicating the FIFA 11+ program as
an effective training protocol for enhancing physical performance in
soccer players. However, it is worth noting that some parameters,
like the 5-m sprint and FJT (between-group analysis), did not show
significant improvements, highlighting the complexity of
performance enhancement.

In light of these outcomes, there is a compelling case for further
studies that delve deeper into the practical implementation of the FIFA
11+ program in real-world soccer settings. These investigations should
address various factors, including training frequency, duration, and
adherence. Such research will provide valuable insights into how to
maximize the benefits of this protocol while considering the
multifaceted nature of physical performance in soccer. This balanced
approach, addressing both its strengths and areas of non-improvement,
will guide coaches and athletes in optimizing their training regimens for
comprehensive performance enhancement.
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Purpose: This study compares the average speed, knee flexor peak torque and
shear modulus of the hamstrings after a repeated sprint task, in football players of
different competitive levels and playing positions.

Methods: Fifty-four football field players without hamstring strain injury history
participated, 15 being categorized as professional (2nd league) and 39 as semi-
professional (17 in 3rd and 22 in 4th league). Muscle shear modulus was assessed
using ultrasound-based shear wave elastography at rest and at 20% of maximal
voluntary isometric effort before and immediately after the repeated sprint
protocol.

Results: No significant differences were seen in average sprint speed between
competitive levels (p = 0.07; η2p = 0.28) and positions (p = 0.052; η2p = 0.29).
Moreover, the sprint fatigue index showed no significant differences between
competitive levels (p = 0.14; η2p = 0.08) and playing positions (p = 0.89; η2p =
0.05). No significant differences were observed in hamstring shear modulus
changes between competitive levels (p = 0.94; η2p = 0.03) and positions (p =
0.92; η2p = 0.03). Peak torque changes also showed non-significant association
with competitive levels (p = 0.46; η2p = 0.03) and positions (p = 0.60; η2p = 0.02).

Conclusion: The results of this study suggest that the average sprint speed
performance parameter and mechanical parameters are not able to distinguish
football players of different competitive levels and positions.

KEYWORDS

biceps femoris long head, semitendinosus, shear wave elastography, shear modulus,
soccer

Introduction

The profiling of athletes of different modalities reveals physiological, anthropometric
and physical patterns that are useful for the assessment and monitoring of performance
parameters by providing a framework that coaches and sports scientists can use to compare
athletes within or between teams (Slimani and Nikolaidis, 2019; Tierney et al., 2021).
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Specifically, in football, the physiological, anthropometric and
physical profile has been studied in the past years (Abrantes
et al., 2004; Sporis et al., 2009; Lago-Peñas et al., 2011) making it
possible to describe and compare physical capacities of players of
different positions (Schwesig et al., 2017) and competitive levels
(Tierney et al., 2021). However, scientific research still reveals a gap
in the knowledge of the profiling of football players, especially when
it comes to the characterization of the muscular properties of specific
muscles that can significantly influence the players’ running
performance such as the hamstrings muscle group.

The hamstring is a biarticular muscle group that acts
simultaneously at two joints by participating in knee flexion and
hip extension. Moreover, the hamstrings have an important role for
the development of horizontal force components during sprinting in
non-fatigued conditions (Edouard et al., 2018). In the context of
football matches, players have to sprint also with a change of
direction component. This requires stabilization of the knee joint,
which is achieved through a distinct contribution of the medial and
lateral hamstrings (Zebis et al., 2009). Previous studies demonstrated
a decrease in maximal force production of the hamstrings
immediately post-match (Bueno et al., 2021); however, as peak
torque measurements do not provide information about the
mechanical contribution of individual muscles, shear wave
elastography has been proposed to quantify mechanical muscle
properties (i.e., muscle shear modulus). Indeed, changes in torque
production are correlated with changes in muscle shear modulus
(Bouillard et al., 2012).

To the best of our knowledge, only two studies have analyzed the
behavior of the hamstring mechanical tissue properties after
repeated sprints: in healthy individuals (Pimenta et al., 2023c)
and football players with and without hamstring strain injury
(Pimenta et al., 2023b). The former demonstrated a significant
increase in the biceps femoris long head (BFlh) contribution
without changes in semitendinosus (ST) (Pimenta et al., 2023c),
while the latter showed a significant increase in the contribution of
BFlh and semimembranosus (SM) (Pimenta et al., 2023b).
Considering the larger muscle volumes of ST and BFlh muscles
in sprinters compared to non-sprinters (Handsfield et al., 2017), a
higher mechanical contribution by ST and BFlh at higher
competitive levels can be expected given the higher sprint volume
and intensity. It can also be expected that faster players (e.g.,
forwards) will show a higher ST contribution due to its
considerably higher proportion of fast-twitch fibers (Fournier
et al., 2022), whereas players covering long distances (e.g.,
midfielders) show a higher BFlh contribution due to its higher
number of type I/IIa fibers (Dahmane et al., 2005). Therefore, a
study comprising the effect of repeated sprints on the hamstring
mechanical properties in football players of different competitive
levels and positions would be of great interest and utility for the
sports science and professional community, adding information to
the knowledge framework that already exists comprising other
significant components of a football player profile.

The present study aims at comparing the effects of a repeated
sprint protocol on the sprint performance and hamstrings shear
modulus pattern between players with different competitive
levels and positions. The hypothesis was i) a higher sprint
performance and a higher mechanical contribution of the ST
and BFlh at higher competitive levels; ii) a higher sprint

performance and higher mechanical contribution of ST for
forwards when compared to midfielders and defenders; iii) a
higher mechanical contribution of BFlh for midfielders compared
to forwards and defenders.

Methods

Ten clubs were invited to participate in the present study,
resulting in 54 football field players (age: 23.5 ± 3.6 years; height:
178.3 ± 6.4 cm; body mass: 73.2 ± 7.1 kg): 15 categorized as
professional (2nd league) and 39 as semi-professional (17 on 3rd
league and 22 on 4th league) according to the official Portuguese
league website. The sample size in relation to the field position was
composed by 23 defenders, 15 midfielders and 16 forwards. All
participants read and signed an informed consent form prior to
participating in the study. The Ethical Committee at the Faculty of
Human Kinetics at the University of Lisbon approved the study (#5/
2021). Participants were instructed to avoid any strenuous activities
24 h before the test to minimize confounding factors. The exclusion
criteria were replicated from previous study (Pimenta et al., 2023b),
alongside exclusion of previous hamstring injury.

Dynamometry

The knee flexor torque was measured at a sampling rate of
1,000 Hz using custom-made equipment (Pimenta et al., 2023b).
Participants were placed in the prone position, with the hips in
neutral anatomical position, knees flexed at 30° (0° = full
extension) as previously reported (Pimenta et al., 2023b). Both feet
were fixed in a foot holder containing a force transducer (Model STC,
Vishay Precision, Malvern, PA, United States) at the heel level to
collect the linear force perpendicular to the leg orientation and with
the ankle at 90°. Force data were amplified (Model UA73.202, Sensor
Techniques, Cowbridge, UK), digitally converted (USB-230 Series,
Measurement Computing Corporation Norton, MA, United States),
recorded using the DAQami software (v4.1,Measurement Computing
Corporation, Norton, MA, United States), and multiplied by the
perpendicular distance between the force transducer center and the
femoral lateral condyle in order to estimate the knee torque. Visual
feedback of force production was provided to individuals during the
assessments.

Sprint performance

Sprint performance was evaluated by a 10 × 30 m repeated sprint
protocol using a two-point stance, with participants positioned 1 m
behind the photocells. The average sprint speed was recorded using
four photocells and data was processed by the Chronojump software
(version: 2.1.1-16, Chronojump Boscosystem, Barcelona, Spain).

Shear wave elastography

Hamstrings shear modulus was assessed using two similar
ultrasound scanners (Aixplorer, v11; Supersonic Imagine, Aix-en-
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Provence, France; Aixplorer, v12; Supersonic Imagine, Aix-en-
Provence, France) in shear wave elastography (SWE) mode
(musculoskeletal preset, penetrate mode, smoothing level 5,
opacity 100%, scale: 0–800 kPa for active (i.e., during
contraction), coupled with a linear transducer array (SL10-2,
2–10 MHz. Super Linear, Vermon, Tours, France). The SWE
procedures were detailed in the previous study with a similar test
protocol (Pimenta et al., 2023b). The transducer was placed to align
with the muscle fascicles orientation, and to perform minimal
pressure during the measurements. To maximize the window of
opportunity of the effects in both tasks, both examiners collected
data simultaneously in the pairs BFlh + SM and ST + BFsh. The
utilization of casts and the measurement with two examiners was
previously validated (Pimenta et al., 2023d).

Protocol

Participants visited the Centro de Alto Rendimento Jamor
indoors facility, where wind and temperature had no effect on
sprint performance and shear modulus assessment, respectively.
Testing started by assessing the passive shear modulus for each
muscle. For this purpose, two videoclips of 20-s were recorded.
Then, individuals were asked to perform 10 submaximal knee
flexions at a self-perceived low intensity to prepare and familiarize
with the equipment for the maximum voluntary isometric
contraction (MVIC) evaluation, which consisted of two 3-s
trials with 30-s of recovery between trials. Based on the highest
PT on the tested limb, individuals familiarized themselves with the
20% of MVIC through trials using visual feedback. Subsequently,
the active shear modulus was then measured twice for each muscle
at 20% of MVIC, each trial lasting ~30-s. After active shear
modulus measures, a standardized warm-up protocol for
sprinting was performed (Pimenta et al., 2023b). Immediately
after the warm-up, a 10 × 30-m repeated sprint task with 30-s
interval between repetitions was performed. Then, post-task active
shear modulus measurements were conducted followed by two
MVIC trials. The order of the measurements in each muscle was
randomized.

Data processing

Shear wave elastography data were processed using automated
MATLAB routines (The Mathworks Inc., Natick, MA,
United States) (Mendes et al., 2020). For the shear modulus
calculation, each clip exported from Aixplorer’s software was
sequenced in. jpeg images. Image processing converted each
pixel of the color map into a value of the Young’s modulus
based on the recorded color scale. The largest region of
interest in the elastogram window was determined by avoiding
aponeuroses and tissue artifacts (e.g., vessels), and the values were
averaged to obtain a representative muscle value. Within each
trial, the most stable Young’s modulus values over ~20-s in the
active condition were averaged and divided by 3 to better
represent the muscle shear elastic modulus (Bercoff et al.,
2004). The shear modulus of each muscle was considered for
analysis.

Statistical analysis

Data analysis was performed using IBM SPSS Statistics 27.0
(IBM Corporation, Armonk, NY, United States). To assess the effect
of fatigue in each muscle a delta (Δ) active shear modulus (post-pre)
was calculated for each muscle (Pimenta et al., 2023a). A one-way
between-groups MANOVA was performed to investigate
competitive level differences in active shear modulus. A one-way
between-groups MANOVA was performed to investigate field
positions differences in active shear modulus. For both
MANOVA’s, a preliminary assumption testing was conducted to
check for normality, linearity, univariate and multivariate outliers,
homogeneity of variance-covariance matrices, and multicollinearity,
with no serious violations noted. The Fatigue index for sprint
performance was calculated using the following equation:

Fatigue index � slowest sprint-fastest sprint/fastest sprint

The fatigue index comparison was examined using a one-way
ANOVA for competitive level and playing position. Peak torque
changes was calculated using the following equation:

Peak Torque changes �
(post − protocol peak torque) - (pre − protocol peak torque)
/(pre − protocol peak torque)

A one-way ANOVA was used to analyze the peak torque
differences between competitive levels and playing positions. The
partial eta square (η2p) values were reported as a measure of the
effect size of the MANOVA’s and ANOVA findings, classified as
small (η2p = 0.01–0.05), medium (η2p = 0.06–0.013), and large
(η2p > 0.14) effects (Cohen, 2013). Significance was set at p < 0.05.

Results

Regarding the sprints performance between competitive levels
(Figure 1) no significant differences were seen, F (20, 82) = 1.61; p =
0.07; Wilks’ Λ = 0.52; η2p = 0.28. In relation to the sprints
performance by position (Figure 2) no significant differences were
detected, F (20, 82) = 1.69; p = 0.052; Wilks’ Λ = 0.50; η2p = 0.29.

The Δ shear modulus analysis of all hamstring muscles by
competition level (Figure 3) showed no significant differences
between competitive levels on the combined dependent variables,
F (8, 96) = 0.36; p = 0.94; Wilks’ Λ = 0.94; η2p = 0.03. Figure 4
presents the Δ shear modulus of all hamstring muscles by position
on the field with no significant differences on the combined
dependent variables, F (8, 96) = 0.40; p = 0.92; Wilks’ Λ = 0.94;
η2p = 0.03.

Fatigue index comparisons between competitive levels (2nd
league: −6.76% ± 5.68%; 3rd league: −4.25% ± 6.48%; 4th league:
−7.78% ± 4.35%; p = 0.14; η2p = 0.08) and playing positions
(defenders: −6.46% ± 5.79%; midfielders: −5.99% ± 4.02%;
forwards: −6.85% ± 5.54%; p = 0.89; η2p = 0.05).

Peak torque differences comparisons revealed no significant
differences between competitive levels (2nd league: −7.8% ±
0.96%; 3rd league: −5.8% ± 0.86%; 4th league: −8.3% ± 0.91%;
p = 0.46; η2p = 0.03) and playing positions (defenders: −6.7% ±
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0.85%; midfielders: −8.8% ± 0.93%; forwards: −5.6% ± 0.91%; p =
0.60; η2p = 0.02).

Discussion

To the best of our knowledge, this is the first study that compares
the effects of a repeated sprint protocol on the sprint performance
and hamstrings mechanical properties between players with
different competitive levels and positions. The main findings
were no differences in the sprint performance and hamstring
shear modulus between competitive levels and positions. Since in
our study no differences were found between competitive levels it
was possible to perform a comparison between field positions using
players across all competitive levels.

A higher average sprint speed was seen in 2nd league compared
to 3rd and 4th league players (Figure 1); however, contrary to our
initial hypothesis no significant differences were seen between the
competitive levels. These results are in contrast to previous literature

also assessing portuguese players, Abrantes et al. (2004) having
reported significant differences in the mean sprint time using the
Bangsbo repeated-sprint ability (RSA) protocol (Bangsbo, 1994)
between professional football players, with players from 1st national
division being significantly faster than 2nd league players. These
professional players displayed significant differences in relation to
semi-professionals (1st regional) (Abrantes et al., 2004). However,
the present study did not include first league players and thus a
comparison between professionals was not possible. Moreover, the
lowest division in our study (4th league) was from the first national
league which differs from a regional championship. Contrary to our
protocol, the Bangsbo RSA includes a change of direction
component and it has been shown that shuttle-type RSA
protocols are associated with slower repetition times and a
reduced sprint decrement (Thurlow et al., 2023).

Regarding the comparison between positions (Figure 2), the
forwards showed a higher sprint speed, followed by midfielders and
lastly defenders; however, also contrary to our hypothesis no

FIGURE 1
Average sprint speed (m/s) during the repeated sprinting task, in
players of 2nd league (red), 3rd league (black) and 4th league (blue).
Error bars represent the standard deviation.

FIGURE 2
Average sprint speed (m/s) during the repeated sprint task,
comparison between playing positions: in forwards (blue), in
midfielders (black) and defenders (red). Error bars represent the
standard deviation.

FIGURE 3
Delta (Δ) shear modulus variation (post—pre) of all hamstring
muscles: Biceps Femoris long head (BFlh), Biceps Femoris short head
(BFsh), Semimembranosus (SM), and Semitendinosus (ST), in each
competitive level: Second League (green), Third League (orange),
Fourth League (red). Bars represent mean values and error bars
represent standard deviation.

FIGURE 4
Delta (Δ) shear modulus variation (post—pre) of all hamstring
muscles: Biceps Femoris long head (BFlh), Biceps Femoris short head
(BFsh), Semimembranosus (SM), and Semitendinosus (ST) in each
competitive field position: Defender (blue), Midfielder (yellow),
Forward (gray). Bars represent mean values and error bars represent
standard deviation.
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significant differences were found between the positions. This is in
accordance with previous work using the Bangsbo protocol
(Bangsbo, 1994) that did not find any statistical differences with
respect to best time and average time (Kaplan, 2010). Furthermore,
Brahim et al. (2016) showed that forwards performed better in
mixed-direction repeated sprint tests, midfielders were better in
mixed-direction repeated sprint tests that involved a longer linear
sprinting distance (6 × 40 m (20 + 20 m)), and defenders had better
scores in linear repeated sprint tests such as our protocol. It should
be noted that the above mentioned protocols cannot be compared
with the present protocol as it was designed to induce fatigue on the
hamstrings muscles instead of being designed according to the
sprinting skills of the player positions. A similar linear repeated
sprint protocol (7 × 30-m) was employed with recreational players
with the results also showing no significant differences in sprint
performance between players of different positions (Lockie et al.,
2019). Since linear and multidirectional sprint tasks represent
independent skills expression (Salaj and Markovic, 2011), it is
possible that while players might present different performances
in multidirectional sprint protocols, they may present no significant
differences in linear sprints performance as in the present results.

The fatigue index formula used in this study was also applied in a
previous study (Morcillo et al., 2015) showing a 7.10% decrease after a
similar RSA protocol in professional players. The inability to maintain
sprint speed in subsequent repetitions is also proposed to be affected by
maximal aerobic capacity (Girard et al., 2011) which can distinguish
elite from non-elite football players. In fact, higher fatigue levels were
verified in amateur players (4th league) compared to semi-professional
players, although non-significant. Importantly, this maximal aerobic
capacity can also be influenced by the player’s position (Slimani and
Nikolaidis, 2019). In relation to the peak torque analysis, no significant
differences were seen between competitive levels and playing positions.
Using a different formula to calculate peak torque changes upon a
fatiguing sprint task, Lord et al. (2018) found a −6% change for the
dominant leg, a value closer to those reported in this study (Lord et al.,
2018). No significant differences in peak torque changes were observed
between the different field positions, contrary to previous work
(Cometti et al., 2001; Śliwowski et al., 2017); given the lack of
investigation regarding this topic, future studies should replicate a
similar protocol comparing a different sample of football players (e.g.,
elite football players vs. sub-elite or amateur) to potentially enable a
better explanation of these results.

Regarding themechanical hamstring tissue properties (analyzed as
Δ shear modulus) and contrary to our initial hypothesis no significant
differences were found across leagues and positions. According to the
mechanical tension experienced by the BFlh along the sprint cycle
(Thelen et al., 2005) and the effects of an eccentric task (Goreau et al.,
2022), an increase in BFlh shear modulus would have been expected.
Indeed, previous studies using the same repeated sprint protocol
showed a significant increase in the BFlh (Pimenta et al., 2023b;
2023c). Despite the disparity in the results, it is worth mentioning that
the samples of these previous studies consisted of healthy individuals
(Pimenta et al., 2023c) and of football players with hamstring strain
injuries (Pimenta et al., 2023b). Healthy individuals (non-football
players) may present different muscle volume configurations
compared to football players, this being related to the muscle
adaptations according to the sport stimulus (Krustrup et al., 2010).
Supporting this assumption, Handsfield et al. (2017) reported that

sprinters had considerably larger ST, BFlh and SM volumes compared
to the non-sprinter sample (Handsfield et al., 2017). Nevertheless, as
football players from higher competitive levels are likely submitted to
higher sprinting action demands resulting in superior hamstring
muscle adaptations than players in lower competitive levels, it is
curious that this was not apparent in the present study.

Apart from the competitive level, the playing position has a
significant effect on the game actions of a football player. Research
has been consistent demonstrating that certain positions require
more explosive-type efforts while others are submitted to more
resistant-type efforts (Di Salvo et al., 2013). In a recent review,
authors noted that male football players with a higher proportion of
type II muscle fibers had faster 30 m sprint times and achieved a
greater total sprinting distance, and that more type II muscle fibers
and a higher muscle volume in rugby players were strong
determinants of maximal muscle power in sprinting (Hopwood
et al., 2023). Hence, it would be logical that players in a field position
requiring explosive actions presented larger and higher proportions
of type II muscle fibers and consequently a higher shear modulus
change in a muscle with a type II muscle fiber phenotype.

The present study demonstrated a higher speed (Figure 1) and
positive change in the ST Δ shear modulus of forwards (Figure 4),
although no significant differences were found. Having a type II
phenotype (Fournier et al., 2022) and being a fusiformmuscle (Azizi
and Deslauriers, 2014), the ST geometry and composition is well
suited for explosive tasks but not as resistant as other hamstring
muscles (Kellis, 2018; Fournier et al., 2022). As football sport
demands vary between player positions, it would be expected
that faster players could present a higher relative ST mechanical
contribution and more resistant players a higher relative BFlh
mechanical contribution, as BFlh has a more balanced type
muscle fiber composition compared to ST (Kellis, 2018; Fournier
et al., 2022). Importantly, the competitive level between professional
football leagues can have an impact on the data interpretation, such
as analyzing data from the Premier League (Di Salvo et al., 2013)
which is more competitive than the 2nd league of the present study.
For instance, there is evidence that players from top-level European
leagues cover 10% of total distance at high intensity (Carling, 2011;
Andrzejewski et al., 2015) compared to the 6.4% from the Croatian
league (Modric et al., 2019). As such, one could expect a lower
proportion of high-intensity activity (including sprints) in players
from the 2nd, 3rd and 4th division. Overall, the present study
indicates that a repeated sprint protocol 10 × 30 m with 30 s of
rest induce fatigue in both professional and semi-professional
players and between positions on the neuromuscular parameters.
However, it was not possible to distinguish the response in
hamstring mechanical properties and neuromuscular parameters
across the assessed competitive levels. One possible reason could be
in part attributed to the progress of available knowledge in strength
and conditioning applications in football and its interpretation by
club sports scientists. This warrants further investigation.

This study has some limitations. Firstly, shear moduli
measurements were limited to one site per muscle to minimize the
time required for data collection and thus allow accurate examination
of the acute fatigue effects. Therefore, the present findings are based
on the assumption that the effects were site-independent. Secondly,
the present study examined the hamstring mechanical properties in
isometric contractions after repeated sprints, whereas the magnitude
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of the effects would be greater during the sprints themselves as
eccentric contractions are more demanding. However, to this date,
the low sampling rate of this methodology prevents such
measurements. Competitive level and playing position data might
be significantly influenced by the football leagues analyzed due to
different intensity and technical levels.

Conclusion

The results of the present study indicated that it was not possible
to distinguish football players from different competitive levels and
positions when analyzing the sprint performance, hamstring shear
modulus and peak torque after a repeated sprint task. However, it
should be noted that in the present study, the tasks were analytical,
therefore the results can be task-specific since game contexts varied
in terms of competitive levels and positions. These results may also
suggest that the disparities in physical characteristics between
competitive levels and positions have significantly diminished.
This could be attributed to specific training characteristics and a
heightened influence of physical attributes in football. We encourage
further studies to analyze this hypothesis.

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Comité de
Ética da Faculdade de Motricidade Humana. The studies were
conducted in accordance with the local legislation and
institutional requirements. The participants provided their
written informed consent to participate in this study.

Author contributions

RP: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Project administration, Resources,

Software, Validation, Visualization, Writing–original draft,
Writing–review and editing. HA: Conceptualization,
Investigation, Validation, Visualization, Writing–review and
editing. PB: Data curation, Formal Analysis, Writing–review and
editing. AV: Project administration, Resources, Supervision,
Validation, Visualization, Writing–review and editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work is
supported by CIPER—Centro Interdisciplinar para o Estudo da
Performance Humana (unit 447) which is also supported by
Fundação para a Ciência e Tecnologia (grant: CIPER-UIDB/
00447/2020; DOI: 10.54499/UIDB/00447/2020). RP is funded by
a scholarship from the University of Lisbon (number 793).

Acknowledgments

The authors thank the study participants for their participation,
and the Centro de Alto Rendimento Jamor for providing the testing
facilities. Moreover, the authors also thank Professor Maurício
Cerda for providing the MATLAB code for the shear modulus
calculation.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Abrantes, C., Maçãs, V., and Sampaio, J. (2004). Variation in football players’ sprint
test performance across different ages and levels of competition. J. Sports Sci. Med. 3,
44–49.

Andrzejewski, M., Chmura, J., Pluta, B., and Konarski, J. M. (2015). Sprinting
activities and distance covered by top level Europa league soccer players. Int.
J. Sports Sci. Coach. 10, 39–50. doi:10.1260/1747-9541.10.1.39

Azizi, E., and Deslauriers, A. R. (2014). Regional heterogeneity in muscle fiber
strain: the role of fiber architecture. Front. Physiol. 5, 303. doi:10.3389/fphys.2014.
00303

Bangsbo, J. (1994). Fitness training in football: a scientific approach. Copenhagen,
Denmark: August Krogh Institute - Copenhagen University.

Bercoff, J., Tanter, M., and Fink, M. (2004). Supersonic shear imaging: a new
technique for soft tissue elasticity mapping. IEEE Trans. Ultrason. Ferroelectr. Freq.
Control 51, 396–409. doi:10.1109/tuffc.2004.1295425

Bouillard, K., Nordez, A., Hodges, P. W., Cornu, C., and Hug, F. (2012). Evidence of
changes in load sharing during isometric elbow flexion with ramped torque. J. Biomech.
45, 1424–1429. doi:10.1016/j.jbiomech.2012.02.020

Brahim, M. B., Mohamed, A., and Shalfawi, S. A. (2016). The Evaluation of soccer
players performance on different repeated sprint tests: training and testing implications.
Kinesiol. Slov. 22 (2), 49–63.

Bueno, C. A., de Araujo Ribeiro-Alvares, J. B., Oliveira, G. D. S., Grazioli, R., Veeck, F.,
Pinto, R. S., et al. (2021). Post-match recovery of eccentric knee flexor strength in male
professional football players. Phys. Ther. Sport 47, 140–146. doi:10.1016/j.ptsp.2020.11.032

Carling, C. (2011). Influence of opposition team formation on physical and skill-
related performance in a professional soccer team. EJSS 11, 155–164. doi:10.1080/
17461391.2010.499972

Cohen, J. (2013). Statistical power analysis for the behavioral sciences. Abingdon,
United Kingdom: Routledge.

Frontiers in Physiology frontiersin.org06

Pimenta et al. 10.3389/fphys.2023.1315564

43

https://doi.org/10.1260/1747-9541.10.1.39
https://doi.org/10.3389/fphys.2014.00303
https://doi.org/10.3389/fphys.2014.00303
https://doi.org/10.1109/tuffc.2004.1295425
https://doi.org/10.1016/j.jbiomech.2012.02.020
https://doi.org/10.1016/j.ptsp.2020.11.032
https://doi.org/10.1080/17461391.2010.499972
https://doi.org/10.1080/17461391.2010.499972
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1315564


Cometti, G., Maffiuletti, N. A., Pousson, M., Chatard, J.-C., and Maffulli, N. (2001).
Isokinetic strength and anaerobic power of elite, subelite and amateur French soccer
players. Int. J. Sports Med. 22, 45–51. doi:10.1055/s-2001-11331

Dahmane, R., Djordjevic, S., Simunic, B., and Valencic, V. (2005). Spatial fiber type
distribution in normal human muscle Histochemical and tensiomyographical
evaluation. J. Biomech. 38, 2451–2459. doi:10.1016/j.jbiomech.2004.10.020

Di Salvo, V., Pigozzi, F., González-Haro, C., Laughlin, M. S., and DeWitt, J. K. (2013).
Match performance comparison in top English soccer leagues. Int. J. Sports Med. 34,
526–532. doi:10.1055/s-0032-1327660

Edouard, P., Mendiguchia, J., Lahti, J., Arnal, P. J., Gimenez, P., Jiménez-Reyes, P.,
et al. (2018). Sprint acceleration mechanics in fatigue conditions: compensatory role of
gluteal muscles in horizontal force production and potential protection of hamstring
muscles. Front. Physiol. 9, 1706. doi:10.3389/fphys.2018.01706

Fournier, G., Bernard, C., Cievet-Bonfils, M., Kenney, R., Pingon, M., Sappey-
Marinier, E., et al. (2022). Sex differences in semitendinosus muscle fiber-type
composition. Scand. J. Med. Sci. Sports 32, 720–727. doi:10.1111/sms.14127

Girard, O., Mendez-Villanueva, A., and Bishop, D. (2011). Repeated-sprint ability -
part I: factors contributing to fatigue. Sports Med. 41, 673–694. doi:10.2165/11590550-
000000000-00000

Goreau, V., Pigne, R., Bernier, N., Nordez, A., Hug, F., and Lacourpaille, L. (2022).
Hamstring muscle activation strategies during eccentric contractions are related to the
distribution of muscle damage. Scand. J. Med. Sci. Sports 32, 1335–1345. doi:10.1111/
sms.14191

Handsfield, G. G., Knaus, K. R., Fiorentino, N. M., Meyer, C. H., Hart, J. M., and
Blemker, S. S. (2017). Adding muscle where you need it: non-uniform hypertrophy
patterns in elite sprinters. Scand. J. Med. Sci. Sports 27, 1050–1060. doi:10.1111/sms.
12723

Hopwood, H. J., Bellinger, P. M., Compton, H. R., Bourne, M. N., and Minahan, C.
(2023). The relevance of muscle fiber type to physical characteristics and performance in
team-sport athletes. Int. J. Sports Physiol. Perform. 18, 223–230. doi:10.1123/ijspp.2022-
0235

Kaplan, T. (2010). Examination of repeated sprinting ability and fatigue index of
soccer players according to their positions. J. Strength Cond. Res. 24, 1495–1501. doi:10.
1519/JSC.0b013e3181d8e8ed

Kellis, E. (2018). Intra- and inter-muscular variations in hamstring architecture and
mechanics and their implications for injury: a narrative review. Sports Med. 48,
2271–2283. doi:10.1007/s40279-018-0975-4

Krustrup, P., Christensen, J. F., Randers, M. B., Pedersen, H., Sundstrup, E., Jakobsen,
M. D., et al. (2010). Muscle adaptations and performance enhancements of soccer
training for untrained men. Eur. J. Appl. Physiol. 108, 1247–1258. doi:10.1007/s00421-
009-1319-8

Lago-Peñas, C., Casais, L., Dellal, A., Rey, E., and Domínguez, E. (2011).
Anthropometric and physiological characteristics of young soccer players according
to their playing positions: relevance for competition success. J. Strength Cond. Res. 25,
3358–3367. doi:10.1519/JSC.0b013e318216305d

Lockie, R. G., Moreno, M. R., Orjalo, A. J., Stage, A. A., Liu, T. M., Birmingham-
Babauta, S. A., et al. (2019). Repeated-sprint ability in division I collegiate male soccer
players: positional differences and relationships with performance tests. J. Strength
Cond. Res. 33, 1362–1370. doi:10.1519/JSC.0000000000001948

Lord, C., Ma’ayah, F., and Blazevich, A. J. (2018). Change in knee flexor torque after
fatiguing exercise identifies previous hamstring injury in football players. Scand. J. Med.
Sci. Sports 28, 1235–1243. doi:10.1111/sms.13007

Mendes, B., Firmino, T., Oliveira, R., Neto, T., Cruz-Montecinos, C., Cerda, M., et al.
(2020). Effects of knee flexor submaximal isometric contraction until exhaustion on

semitendinosus and biceps femoris long head shear modulus in healthy individuals. Sci.
Rep. 10, 16433. doi:10.1038/s41598-020-73433-1

Modric, T., Versic, S., Sekulic, D., and Liposek, S. (2019). Analysis of the association
between running performance and game performance indicators in professional soccer
players. Int. J. Environ. Res. Public Health 16, 4032. doi:10.3390/ijerph16204032

Morcillo, J. A., Jiménez-Reyes, P., Cuadrado-Peñafiel, V., Lozano, E., Ortega-Becerra,
M., and Párraga, J. (2015). Relationships between repeated sprint ability, mechanical
parameters, and blood metabolites in professional soccer players. J. Strength Cond. Res.
29, 1673–1682. doi:10.1519/JSC.0000000000000782

Pimenta, R., Almeida, P., Correia, J. P., Bruno, P. M., Vaz, J. R., and Freitas, S. R.
(2023a). Effects of fatigue on hamstrings and gluteus maximus shear modulus in hip
extension and knee flexion submaximal contraction task. Sports Biomech., 1–14. doi:10.
1080/14763141.2023.2195827

Pimenta, R., Coelho, F., Correia, J. P., and Vaz, J. R. (2023d). Influence of transducer
pressure and examiner experience on muscle active shear modulus measured by shear
wave elastography. Radiogr. (Lond). 30 (1), 185–192. doi:10.1016/j.radi.2023.11.005

Pimenta, R., Lopes, T., Bruno, P., and Veloso, A. (2023b). Effects of repeated sprints
on hamstring active shear modulus pattern and neuromuscular parameters in football
players with and without hamstring strain injury history—a retrospective study. Appl.
Sci. 13, 3099. doi:10.3390/app13053099

Pimenta, R., Lopes, T., Correia, J. P., and Veloso, A. P. (2023c). Effects of repeated
sprinting on hamstring shear modulus pattern and knee flexor neuromuscular
parameters. Sci. Rep. 13, 12624–12629. doi:10.1038/s41598-023-38861-9

Salaj, S., andMarkovic, G. (2011). Specificity of jumping, sprinting, and quick change-
of-direction motor abilities. J. Strength Cond. Res. 25, 1249–1255. doi:10.1519/JSC.
0b013e3181da77df

Schwesig, R., Hermassi, S., Fieseler, G., Irlenbusch, L., Noack, F., Delank, K.-S., et al.
(2017). Anthropometric and physical performance characteristics of professional
handball players: influence of playing position. J. Sports Med. Phys. Fit. 57,
1471–1478. doi:10.23736/S0022-4707.16.06413-6

Slimani, M., and Nikolaidis, P. T. (2019). Anthropometric and physiological
characteristics of male soccer players according to their competitive level, playing
position and age group: a systematic review. J. Sports Med. Phys. Fit. 59, 141–163. doi:10.
23736/S0022-4707.17.07950-6

Śliwowski, R., Grygorowicz, M., Hojszyk, R., and Jadczak, Ł. (2017). The isokinetic
strength profile of elite soccer players according to playing position. PLoS One 12,
e0182177. doi:10.1371/journal.pone.0182177

Sporis, G., Jukic, I., Ostojic, S. M., and Milanovic, D. (2009). Fitness profiling in
soccer: physical and physiologic characteristics of elite players. J. Strength Cond. Res. 23,
1947–1953. doi:10.1519/JSC.0b013e3181b3e141

Thelen, D. G., Chumanov, E. S., Hoerth, D. M., Best, T. M., Swanson, S. C., Li, L., et al.
(2005). Hamstring muscle kinematics during treadmill sprinting.Med. Sci. Sports Exerc.
37, 108–114. doi:10.1249/01.mss.0000150078.79120.c8

Thurlow, F., Weakley, J., Townshend, A. D., Timmins, R. G., Morrison, M., and
McLaren, S. J. (2023). The acute demands of repeated-sprint training on physiological,
neuromuscular, perceptual and performance outcomes in team sport athletes: a
systematic review and meta-analysis. Sports Med. 53, 1609–1640. doi:10.1007/
s40279-023-01853-w

Tierney, P., Blake, C., and Delahunt, E. (2021). Physical characteristics of different
professional rugby union competition levels. J. Sci. Med. Sport 24, 1267–1271. doi:10.
1016/j.jsams.2021.05.009

Zebis,M. K., Andersen, L. L., Bencke, J., Kjaer, M., and Aagaard, P. (2009). Identification
of athletes at future risk of anterior cruciate ligament ruptures by neuromuscular screening.
Am. J. Sports Med. 37, 1967–1973. doi:10.1177/0363546509335000

Frontiers in Physiology frontiersin.org07

Pimenta et al. 10.3389/fphys.2023.1315564

44

https://doi.org/10.1055/s-2001-11331
https://doi.org/10.1016/j.jbiomech.2004.10.020
https://doi.org/10.1055/s-0032-1327660
https://doi.org/10.3389/fphys.2018.01706
https://doi.org/10.1111/sms.14127
https://doi.org/10.2165/11590550-000000000-00000
https://doi.org/10.2165/11590550-000000000-00000
https://doi.org/10.1111/sms.14191
https://doi.org/10.1111/sms.14191
https://doi.org/10.1111/sms.12723
https://doi.org/10.1111/sms.12723
https://doi.org/10.1123/ijspp.2022-0235
https://doi.org/10.1123/ijspp.2022-0235
https://doi.org/10.1519/JSC.0b013e3181d8e8ed
https://doi.org/10.1519/JSC.0b013e3181d8e8ed
https://doi.org/10.1007/s40279-018-0975-4
https://doi.org/10.1007/s00421-009-1319-8
https://doi.org/10.1007/s00421-009-1319-8
https://doi.org/10.1519/JSC.0b013e318216305d
https://doi.org/10.1519/JSC.0000000000001948
https://doi.org/10.1111/sms.13007
https://doi.org/10.1038/s41598-020-73433-1
https://doi.org/10.3390/ijerph16204032
https://doi.org/10.1519/JSC.0000000000000782
https://doi.org/10.1080/14763141.2023.2195827
https://doi.org/10.1080/14763141.2023.2195827
https://doi.org/10.1016/j.radi.2023.11.005
https://doi.org/10.3390/app13053099
https://doi.org/10.1038/s41598-023-38861-9
https://doi.org/10.1519/JSC.0b013e3181da77df
https://doi.org/10.1519/JSC.0b013e3181da77df
https://doi.org/10.23736/S0022-4707.16.06413-6
https://doi.org/10.23736/S0022-4707.17.07950-6
https://doi.org/10.23736/S0022-4707.17.07950-6
https://doi.org/10.1371/journal.pone.0182177
https://doi.org/10.1519/JSC.0b013e3181b3e141
https://doi.org/10.1249/01.mss.0000150078.79120.c8
https://doi.org/10.1007/s40279-023-01853-w
https://doi.org/10.1007/s40279-023-01853-w
https://doi.org/10.1016/j.jsams.2021.05.009
https://doi.org/10.1016/j.jsams.2021.05.009
https://doi.org/10.1177/0363546509335000
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1315564


Identifying the ideal weekly
training load for in-game
performance in an elite Brazilian
soccer team

Luís Branquinho1,2,3*, Elias de França4, José E. Teixeira3,5,6,
Adriano Titton7, Luís Fernando Leite de Barros7, Pedro Campos7,
Daniel A. Marinho3,8, Pedro Forte2,3,5,9,10,
Erico Chagas Caperuto11, Ronaldo Vagner Thomatieli dos Santos4

and Ricardo Ferraz3,8

1Agrarian School of Elvas, Polytechnic Institute of Portalegre, Portalegre, Portugal, 2CI-ISCE–ISCEDouro,
Penafiel, Portugal, 3Research Center in Sports Sciences, Health Sciences and Human Development,
Covilhã, Portugal, 4Department of Biosciences, Federal University of São Paulo, São Paulo, Brazil, 5Sport
Sciences and Physical Education Department, Polytechnic Institute of Bragança, Bragança, Portugal,
6Sport Department, Polytechnic Institute of Guarda, Guarda, Portugal, 7São Paulo Futebol Clube, São
Paulo, Brazil, 8University of Beira Interior, Covilhã, Portugal, 9Sport Department, Higher Institute of
Educational Sciences of the Douro, Penafiel, Portugal, 10LiveWell—Research Centre for Active Living and
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Introduction: The purpose of this study was to investigate the ideal training load
to be applied during periods of fixture congestion to ensure an adequate dose-
response effect for performance maintenance.

Methods: Match performance data and corresponding pre-match training load
sessions (both N = 498 match performance cases and training-block session
cases) were collected (with the catapult system, VECTOR7) from 36 male
professional soccer players (23.5 ± 5.2 years; 178 ± 4 cm; 75.5 ± 6.0 kg)
belonging to the Brazilian First Division team during the 2022 season. The
following data were collected in match and training sessions: jump,
acceleration, deceleration, and change of direction (COD); running distance
producing metabolic power at different intensities (>20, >20–35, >35–45,
>45–55, and >55 W kg−1), total distance (m), relative distance (m/min),
running distance at different speeds (>20, >25, and >30 km/h), number of
sprints (running >25 km/h), and maximum speed (km/h). Mixed linear model
(MLM), decision tree regression (DTR), and cluster K means model (SPSS v.26)
approach were performed to identify the most critical variables (and their
respective load) in the training sessions that could explain the athlete’s match
performance.

Results: MLM and DTR regression show that training load significantly affects
game performance in a specific way. According to the present data, an
interference phenomenon can occur when a high load of two different skills
(running in a straight line vs COD, deceleration, and jumping) is applied in the
same training block of the week. The cluster approach, followed by a chi-squared
test, identified significant associations between training load and athlete match
performance in a dose-dependent manner.
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Discussion: The high load values described here have a beneficial effect on match
performance, despite the interference between stimuli discussed above. We
present a positive training load from a congested season from the Brazilian First
Division team. The study suggests that an interference effect occurs when high
physical training loads are applied to different specific physical skills throughout
the season.

KEYWORDS

soccer, fixture congestion, match demands, training, load

1 Introduction

In recent years, there has been a growing interest in the detailed
analysis of training and match demands in professional soccer
(Sarmento et al., 2018; Clemente et al., 2019). This is partly due
to the development of GPS and tracking systems that provide
detailed performance analysis (i.e., training load) (Kaloop et al.,
2017; Reinhardt et al., 2019).

Data collected during training and match sessions are
essential to characterize match demands, define optimal
training loads in preparation for competitions (Gómez-
Carmona et al., 2018; Gonçalves et al., 2022), detect fatigue
patterns (Filetti et al., 2019), prevent injuries, reduce the risk
of overtraining (Rodrigues et al., 2023), and provide a broader
understanding of each player’s profile (Carling et al., 2008;
Reche-Soto et al., 2019).

Modern elite soccer involves a large number of competitions
and matches (typically up to 50 games) during the season between
national and international competitions (Thorpe and Sunderland,
2012). Thus, it is not uncommon for a team to play two matches in
a single week (Julian et al., 2021) with little recovery time in
between, which represents a congested schedule. Indeed, the ability
to recover between matches and intense training has previously
been identified as a determinant of success (Rey et al., 2018; Dolci
et al., 2020). Therefore, an approach that identifies the optimal
training load and potential overload between games could be
crucial for coaches.

Indeed, during periods of fixture congestion, the maintenance or
improvement of performance is determined not only by adequate
conditioning, but also by the ability of body systems to recover and
regenerate after multiple stress stimuli (Marqués-Jiménez et al.,
2017; Kalkhoven et al., 2021). Previous evidence has reported
that reducing recovery time between games can lead to residual
fatigue (Lago-Peñas et al., 2011), increase player stress, increase the
risk of injury, and impair performance (Dellal et al., 2015; Mohr
et al., 2016). Thus, in championships that face long and congested
schedules with little recovery time (e.g., Brazil’s Serie A) (Vieira
et al., 2018), the coach’s strategies in squad rotation and the
application of appropriate training loads in a training context are
particularly important.

Training load can be identified with a dose-response
relationship between training stimuli and changes in physical
fitness indicators (Branquinho et al., 2021a; Branquinho et al.,
2021b), which have been widely used to identify peaks in
training load. Monitoring the training load can be essential to
optimize performance, reduce the risk of injury, and give the
coach a general idea of how weekly stimuli affect performance in

a game (Borin et al., 2007; Guerrero-Calderón et al., 2021; Guerrero-
Calderón et al., 2022).

The training load is usually planned to ensure that the player is
available for the next match (Garcia et al., 2022). However, in leagues
(e.g., Brazil’s Serie A) with a tight schedule and long travel times
between games, training time is reduced. For these reasons, it is essential
that the stimuli applied (i.e., training load) do not exceed recommended
levels, yet little is known about the ideal training load for teams facing
these challenges over the course of a season. In fact, the management
and control of training load (i.e., internal load and external load)
throughout the weekly periodization, if done correctly, can be
critical in ensuring that players arrive at the next game in the best
possible condition (Teixeira et al., 2021; Teixeira et al., 2022). New
information on this topic would be of great use to coaches and sports
scientists in optimizing player performance during the season.

Thus, the main objective of this study was to investigate the ideal
training load to be applied during periods of fixture congestion to ensure
the appropriate dose-response effect for performance
maintenance. Our central hypothesis is that the weekly
training load in a congested schedule is strongly associated
with match performance. Also, there is an association between
match performance and multiple contextual factors (such as
home-away match condition, player position, amounts of
training sessions in the weekly macrocycles, and the days
between games). Finally, the type of stimulus applied in the
macrocycles (such as jumping stimulus, change of direction,
the number of explosive actions, and running in a straight
line) might exert a positive or negative influence depending on
the match performance variables assessed.

2 Material and methods

2.1 Participants and sample

Match performance data (N = 1,596 cases) and pitch match
training load sessions (N = 5,515 cases) were collected from 36 male
professional soccer players (age 23.5 ± 5.2 yr; 178 ±4 cm; 75.5 ±
6.0 kg) belonging to the Brazilian First Division team during the
2022 season. Only data corresponding to 77 official matches from
2022 season were analyzed. The 2022 season (with first official
match) started on January 27th and ended on November 11th,
without breaks during this entire period (that is, with one or two
matches every week). Only match performances lasting ≥80 min
were included in the analysis in accordance with previous
recommendations (Guerrero-Calderón et al., 2021; Guerrero-
Calderón et al., 2022). In this sense, the sample was limited to
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498 match performance cases and their corresponding previous
training load cases. Thus, 1,077 match performances cases and their
corresponding previous training load (N = 2,446 cases) with match
duration ≤79 min were excluded, see Figure 1. Players were divided
into four positions: striker (112 pitch training sessions and match
performance cases), fullback (117 cases), winger (88 cases), and
midfielder (181 cases), see detailed description in Table 1.
Goalkeepers were excluded from this analysis due to the different
nature of their movement pattern.

2.2 Data collection

The catapult system (VECTOR7) with global and local
positioning system devices (GPS, GLONASS and SBAS
18 Hz; LPS, Catapult ClearSky 10 Hz) combined with inertial
sensors such as accelerometer (3D ± 16G; sampled at 1kHz,
provided at 100 Hz), gyroscope (3D 2000°/second @ 100 Hz),
and magnetometer (3D ±4,900 µT @100 Hz) were used to
collect data for all games. All three inertial sensors collected
data on acceleration, force, rotation, and body orientation.

2.3 Match performance and session
training variables

The Inertial Movement Analysis (IMA) method was used to
access explosive efforts such as jumps (>40 cm), acceleration (−45 to
0, 0–45°), deceleration (135–180, -180 to −135°), change of direction

(COD) to the left (−135 to −45°) or to the right (45–135°). In
addition, the total explosive effort (the sum of the jump,
acceleration, deceleration, and COD) was recorded as the IMA
explosive effort. IMA was used to derive RHIE (Repeat High-
Intensity Efforts: the player performed three explosive efforts
in ≤60 s) and RHIE block recovery time (the amount of time to
recover and perform another RHIE). The running distance
producing metabolic power (W kg−1) was also collected at
different intensities (>20, >20–35, >35–45, >45–55,
and >55 W kg−1). The player load was collected as the sum of the
accelerations of the tri-axial accelerometer. GPS methods were used
to collect total distance (m), relative distance (m/min), running
distance >20 km/h (m), >25 km/h (m), and >30 km/h. In addition,
the number of sprints (running >25 km/h) and the maximum speed
(km/h) achieved during thematch or training session were recorded.

2.4 Training data collection

Training and conditioning sessions between games were
collected. Pre-season training was excluded from the analysis.
5,512 training sessions were collected. Only the training load
corresponding to players who played in competitive matches for
more than >80 min was included. The average number of training
sessions per week before the game (reported here as weekly training
sessions) was calculated. Players who did not complete a
conditioning session but played a match were excluded from the
analysis (see detailed description in Figure 1). Strength training and
recovery sessions were not included in the analysis.

FIGURE 1
Flowchart with inclusion and exclusion criteria for match performance and pitch training data.
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TABLE 1 Match performance and pitch training load description according to player position.

Match performance p-value Training load p-valuePlayer
position

Striker Fullback Winger Midfield Striker Fullback Winger Midfield

Total distance (m) 9890.7
(9484.5/
10296.8)

10157.6
(9799.3/
10515.8) &

9686.2
(9268.5/
10103.9)

10432.2
(10135.3/
10729.1) #

0.025 3199.5
(2896.1/
3502.8)

2817.7
(2556.7/
3078.7) &

3237.7
(2929.3/
3546.1)

3302.3
(3083.0/
3521.5) #

0.032

Relative distance
(m/min)

98.4 (95.3/
101.5) #

92.6 (89.9/
95.3) *, &

94.0 (90.8/
97.2) &

100.3 (98.1/
102.6) #, @

0.004 64.2
(60.2/
68.1)

63.5
(60.0/67.0)

64.9
(60.8/68.9)

65.1
(62.3/68.0)

0.876

Distance >20 km/
h (m)

568.0
(488.3/
647.7) #

422.1 (356.3/
487.8) *, &

513.7
(434.2/
593.3)

566.8 (509.4/
624.4) #

0.033 174.1
(136.9/
211.2)

104.6 (74.9/
134.2)

151.1
(114.8/
187.3)

143.4 (116.7/
170.1)

0.031

Distance >25 km/
h (m)

177.2
(135.5/
219.0) #

102.3 (69.2/
135.4) *

124.3 (83.9/
164.8)

144.0 (114.0/
174.1)

0.033 48.1 (34.1/
62.1) #

21.7 (10.9/
32.5) *

35.7
(22.5/49.0)

28.8
(18.7/38.8)

0.017

Distance >30 km/
h (m)

20.8
(11.2/30.5)

11.5
(4.1/18.9)

7.9 (0.0/
17.00)

12.6
(5.7/19.5)

0.275 5.7 (2.9/
8.6) #

0.7 (0/2.8) * 3.2
(0.7/5.8)

1.3 (0/3.3) 0.016

Sprints (N) 12.4 (9.8/
15.1)#

7.7 (5.6/9.8)* 8.9
(6.3/11.4)

9.9 (8.0/11.8) 0.045 3.7 (2.7/
4.8) #

1.7 (0.9/2.5) * 2.9
(1.9/3.9)

2.2 (1.4/2.9) 0.010

Max. speed (km/h) 30.2
(29.5/30.8)

30.1
(29.5/30.6)

29.9
(29.3/30.6)

29.9
(29.4/30.4)

8.54 27
(25.9/
28.0)

25.3 (24.4/
26.2) @

27.3 (26.2/
28.4) #

26.5
(25.7/27.3)

0.018

Accelerations (N) 18.5
(15.0/22.1)

17.2
(14.2/20.1)

14.0
(10.1/17.6)

13.5
(11.0/16.1)

0.037 5 (3.9/6) 4.6 (3.7/5.4) 5.7
(4.7/6.8)

5 (4.3/5.8) 0.332

Decelerations (N) 15.7
(12.6/19.2)

20.2
(17.4/23.1)

16.7
(13.3/20.1)

17.4
(14.9/19.9)

0.119 7.4
(5.9/8.8)

6.7 (5.5/8.0) 7.6
(6.2/9.1)

6.7 (5.7/7.8) 0.662

Jumps > 40 cm (N) 3.0 (1.8/
4.3) #

5.4 (4.4/6.5)
*, @, &

2.6 (1.4/3.9) 2.1 (1.2/3.0) <0.001 0.8
(0.4/1.2)

0.5 (0.2/0.8) 0.6 (0.2/1) 0.5 (0.3/0.8) 0.503

COD to left (N) 20.2
(16.2/24.2)

21.1
(17.9/24.4)

15.9
(11.9/19.8)

18.1
(15.2/21.0)

0.087 7.4 (5.9/9) 7 (5.6/8.3) 6.2
(4.6/7.8)

7.7 (6.6/8.9) 0.424

COD to right (N) 20.6
(17.8/23.3)

21.2
(18.9/23.6)

18.6
(15.8/21.4)

20.3
(18.3/22.3)

0.500 8.6
(6.4/10.8)

7.5 (5.8/9.3) 8.9 (6.8/11) 9.1 (7.5/10.6) 0.387

Explosive effort 67.9 (59.8/
76.0) #

84.3 (77.7/
91.0) #, &

65.5 (57.6/
73.6) #

70.71 (64.9/
76.5) #

<0.001 29
(23.7/
34.4)

26
(21.6/30.4)

29.3
(24.0/34.7)

29.2
(25.3/33.1)

0.543

RHIE blocks
effort (N)

24.2
(21.7/26.6)

23.2
(21.1/25.3)

20.6
(18.2/23.1)

22.5
(20.8/24.3)

0.191 9 (7/11) 6 (4.4/7.6) 8.3
(6.4/10.2)

7.9 (6.5/9.4) 0.029

Average RHIE
effort (N)

4.5
(4.4/4.7)

4.5 (4.3/4.6) 4.4 (4.3/4.5) 4.4 (4.3/4.5) 0.375 4 (3.4/4.7) 4.4 (3.8/5) 4.1
(3.4/4.8)

4.1 (3.6/4.6) 0.844

RHIE block
recovery time
(RHIE/min)

3.4 (3.0/
3.9) @

4.2 (3.8/4.5) 4.4 (3.9/
4.8) *

3.9 (3.6/4.2) 0.023 3.5 (2.9/4) 3.6 (3.1/4.1) 3.7
(3.2/4.3)

3.4 (3.1/3.8 8.35

Distance > 20w (m) 2008.4
(1818.4/
2198.3)

1975.2
(1815.1/
2135.2) &

2031.2
(1839.4/
2223.0)

2309.8
(2172.4/
2447.2) #

0.004 684.2
(587.9/
780.4)

544 (464.0/
624.0) &

675.2
(578.7/
771.7)

729.2 (659.6/
798.7) #

0.004

Distance > 55w (m) 250.6
(217.9/
283.2) #

192.6 (165.7/
219.5) *

194.1
(161.5/
226.7)

195.7 (172.1/
219.2)

0.034 101.9
(80.7/
123.2) #

54.5 (38.0/
70.9) *, @

85.8 (65.7/
105.9) #

76.1
(60.9/91.3)

0.001

Player load 1063.5
(982.3/
1144.8)

999.1 (933.3/
1064.8)

1018.9
(938.8/
1099.0)

1035.4
(976.9/
1094.0)

0.628 350.3
(313.4/
387.2)

310.2 (278.6/
341.9) @

373.5
(336.0/
411.1) #

347.5 (320.8/
374.2)

0.052

Data are mean and IC, 95%. The mixed linear model was used to compare match performance and training load across player positions. For this, player ID, was used as a random effect, and

player position as a fixed effect. *, p < 0,05 when compared to striker; #, p < 0,05 when compared to fullback; @, p < 0,05 when compared to winger; &, p < 0,05 when compared to midfield. Bold

values indicate p < 0.05.
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2.5 Contextual factors

Number of training sessions between matches (players are
prevented from playing to safeguard themselves for more
important matches and only accumulate training sessions to
recover); the amount of weekly training (the number of training
sessions before a match) and days between matches.

2.6 Statistical analysis

Data are presented as mean and standard deviation (SD) (or,
when indicated, confidence interval (CI) 95% or minimum a
maximum). To determine the influence of training load on
match performance throughout the season, the mixed linear
model regression fit was used for 19 dependent variables (see
Table 2). Two contextual factors were used as fixed effects: player
position and match location. Three contextual factors were used as
covariables: training sessions between matches, weekly training
sessions, and days between matches, and 17 variables were
collected during the training session (see Table 2). Collinearity
for the inclusion of independent variables was set at a tolerance
of >0.1. Because data from the same player were used multiple times,
players were used as random effects (intercept model). A decision
tree regression (DTR) model was performed to identify the most
important variables (and their respective load) in the training
sessions that could explain the athlete’s match performance. The
DTR model was generated [using the Chi-square Automatic
Interaction Detector (CHAID) method]. The nodes (leaves) of
the DTR were cleared to compare at least 100 samples in each
node. To examine the association between player performance and
training session load, the match performance and training session
load data were standardized to z-scores and then clustered using a
k-means approach. To validate the clusters (i.e., to verify if clusters
are different between then), we use the ANOVA-way (using clusters
as factors and the z-score of training load variables or match
performance as dependent variables). The Chi-squared was used
to test the association between the clusters created by k-means and
with contextual variables (player position and home-away match
condition). All analyses were performed using the statistical package
IBM SPSS Statistics v.26.0.

3 Results

Player match frequency was 4 ± 2 days (ranging from 3 to
20 days), training between matches was 2.7 ± 2.7 (ranging from 1 to
31 sessions), weekly sessions were 2.2 ± 1 (ranging from 1 to
5 sessions), and home/away match performances were 260 and
238, respectively.

Mixed linear model regression (Table 2) shows that training load
and contextual variables significantly influence game performance.
For example, match running relative distance (m/min) was
positively influenced by training variables such as amount of
training between matches and distance covered >20 W kg−1

during training sessions. On the other hand, it is negatively
influenced by training variables such as distance
covered >55 W kg−1, large block recovery time, acceleration, and

days between games, and away match. Table 2 describes those
contextual variables such as match avenue, training sessions
between matches, days between games, and player position has
significant influence on several match performance.

The decision tree regression (DTR) model was used to identify
the most important training load variables associated with match
performance. In addition, the DTRmodel shows the extent to which
match performance variables are negatively or positively affected by
their most important training load variable. Because several match
performance variables are affected by the location of the game and
the player’s position, the DTR model was controlled for these
variables when necessary.

Figure 2 (controlled for game location) shows that the total
distance (shown at node zero) is associated with the amount of
distance spent in activities >20 W kg−1 (Nodes 1 and 2). The total
distance is negatively impacted by decelerations (Nodes 3 and 4).
Thus, Node 1 shows that the distance covered of ≤744.6 m (at
intensity >20 W kg−1) is associated with the predicted distance of
10,157.5 m. While running distance of >744.62 m at >20 W kg−1

(Node 2), the predicted distance will be statistically greater
(10,795.7 m) compared to Node 1. Node 2 (with a statistically
smaller total distance compared to Node 1) is divided into two
more nodes (Nodes 3 and 4), indicating that in this sample subset
there is a difference in performance when considering the number of
decelerations performed in the training session. Thus, Node
3 indicates that performing ≤6.5 decelerations in training
sessions is associated with 10,406.3 m, while Node 4 indicates
that performing >6.5 decelerations in the training session is
associated with 9975.5 m (statistically lower performance
compared to Node 3). Here, the decision tree suggested that high
running load training sessions (i.e., >744.62 m over 20 W kg−1) were
beneficial for overall match running performance, while
deceleration (i.e., >6.5) had a negative effect.

Figure 3 analyzes which variables influence the relative distance
(controlled for game location). Hence, Node 1 shows that players
who run ≤744.62 m above 20 W kg−1 in training sessions have a
predicted relative running distance of 95.431 m/min in matches,
which is statistically different from Node 2 (players who
run >744.62 m above 20 W kg−1 between matches during the
training seasons).

In Figure 4A, the total distance achieved >20 km/h in the
matches is associated with 45-5Wkg−1 running distance
activities. While running distance achieved >25 km/h and
30 km/h during matches are related to distance
covered >55 W kg−1, and sprints during training sessions
(Figures 4B, C).

Also, the maximum speed and the number of sprints (Figures
5A, B) can be explained by the distance >55 W kg−1, but with
interference from player load and relative distance, respectively.
Likewise, the number of jumps >40 cm (Figure 6A) and
decelerations (Figure 6B) were associated with it respectively
variable in training sessions, but interference variables were
present. Accelerations were significantly associated with
sprints (Figure 6C).

Figures 7A, B show the greatest number of COD in the matches
performed by the athletes with the highest incidence of
jumps >40 cm during the training sessions. However, interference
variables associated with performance improvement or decrement
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TABLE 2 Mixed linear model regression of the variables related to the physical performance of 77 matches (2022 season) of an elite team in Brazil.

Contextual factors and
variables from training

sessions

Total
distance (m)

Relative
distance
(m/min)

Distance
>20 km/h (m)

Distance
>25 km/h (m)

Distance
>30 km/h (m)

Sprints
(N)

Max.
Speed
(km/h)

Accelerations
(N)

Decelerations
(N)

Intercept 12248,3
(10.436.0/
13.841.5)

107.7 (95.8/118.3) 634.3 (411.4/857.2) 164.1 (68.2/259.9) 19.1 (−.8 39.0) 13.5
(7.4/19.5)

30.6
(28.5/32.9)

21.7 (11.8/31.7) 20.1 (10.4/29.8)

Match avenue −330.8
(-596.4/-87.4)

−2.9 (-4.6/-1.3) −59.0 (-91.8/-26.2) −17.9 (-32.1/-3.7) −2.5 (−5.3 .4) −1.0
(−1.9/-0.1)

−0.25 (−0.6/0.1) 0.4 (−1.0/1.8) −0.4 (−1.8/1.0)

Player position 69.8 (−95.8/227.9) 1.0 (−0.2/2.2) 16.5 (−8.2/41.2) −.4 (−10.7/9.9) −1.6 (−4.3 1.1) −0.2
(−0.8/0.4)

0.03 (−0.2/0.2) −1.9 (-3.2/-0.7) −0.6 (−1.9/0.7)

Days between games −57.9
(−136.4/22.5)

−0.6 (-1.1/-0.1 −11.0 (-21.3/-0.6) −4.8 (-9.3–0.4) −0.7 (−1.7 .2) −0.4
(-0.6/-0.1)

−0.03 (−0.1/0.1) 0.06 (−0.4/0.5) −0.2 (−0.6/0.3)

Weekly training session −99.6
(−264.8/67.5)

−0.6 (−1.7/0.5) −9.2 (−30.8 12.3) −3.0 (−12.4/6.3) −0.7 (−2.6 1.2) −0.5
(−1.1/0.1)

−0.11 (−0.3/0.1) 0.06 (−0.9/1.0) −0.2 (−1.1/0.8)

Training sessions between matches 120.04 (60.6/
179.1)

0.5 (0.1/0.9) 14.5 (6.8/22.1) 5.5 (2.2/8.9) 1.1(.5 1.8) 0.4 (0.2/0.6) 0.07
(−0.01/0.15)

0.01 (−0.3/0.3) 0.1 (−0.2/0.5)

Total distance (m) −0.1 (−0.6/0.3) 0.0 (0.00/0.00) −0.04 (−0.1/0.0) 0.0 (0.0/0.0) 0.00 (0.0/0.0) 0.00 (0.0/0.0) 0.00
(−0.01/0.02)

−0.00 (0.0/0.0) 0.00 (0.00/0.00)

Relative distance (m/min) −14.8 (-27.7/-1.2) −0.1 (−0.15/0.00) −1.0 (0–2.6/0.9) −.1 (−0.8/0.7) 0.1 (−0.1/0.2 −0.01
(−0.1/0.0)

0.00
(−0.01/0.00)

0.02 (−0.1/0.1) 0.03 (−0.04/0.10)

Distance >20w (m) 3.2 (1.2/5.2) 0.02 (0.00/0.03) 0.35 (0.1/0.6) .1 (0.0/0.2) 0.00 (0.0/0.0 0.00 (0.0/0.0) −0.00
(0.00/0.02)

0.00 (0.0/0.0) 0.01 (0.00/0.02)

Distance >55w (m) −11.7 (-20.4/-3.2) −0.07 (-.012/-0.01) 0.58 (−0.6 1/0.7) .4 (−0.1/0.9) 0.2 (0.1/0.3 0.03 (0.0/0.1) 0.01
(0.00/0.02)

−0.02 (−01/0.0) −0.02 (−0.06/0.03)

Distance >20 km/h (m) −4.7 (-9.3/-0.5) −0.01 (−0.04/0.02) −0.5 (−1.1/0.0) −.2 (−0.4/0.1) −0.01 (−0.1/0.0 −0.01
(0.0/0.0)

0.00 (0.00/0.01) 0.01 (0.0/0.0) 0.00 (−0.03/0.02)

Distance >25 km/h (m) 24.9 (6.1/43.3) 0.1 (−0.02 .22) 4.2 (1.7/6.5) .9 (−0.1/1.9) 0.1 (−0.1/0.3 0.06 (0.0/0.1) 0.01
(−0.02/0.03)

0.07 (0.0/0.2) 0.03 (−0.07/0.13)

Distance >30 km/h (m) 6.1 (−31.2/43.2) 0.2 (−0.07/0.42) 0.4 (−4.5/5.2) .1 (−2.0/2.1) 0.03 (−0.4/0 .5 0.02
(−0.1/0.2)

0.00 (−0.1/0.0) −0.2 (−0.4/0.0) −0.1 (−0.3/0.2)

Sprints (N) −41.3 (−284.5/
203.7)

−0.3 (−1.9/1.3) −35.8 (-67.4/-4.3) −5.4 (−19.0/8.3) −2.1 (−4.8/0.6 −0.4
(−1.3/0.4)

−0.21 (−0.5/0.1) −0.6 (-1.9/0.8) −0.6 (−1.9/0.8)

Maximum speed (km/h) −56.9 (−118.5/4.7) −0.3 (−0.7/0.2) −0.7 (−8.7/7.3) .5 (−2.9/4.0) −0.1 (−0.7/0.7) −0.1
(−.2/0.2)

0.01 (−0.1/0.1) −0.02 (−.4 .3) −0.1 (−0.5/0.2)

Accelerations (N) −52.1 (−112.5/9.8) −0.5(-0.9/0-.1) −5.0 (−12.7/3.1) −.5 (−4.0/2.9) −0.01 (−.7 .7) −0.1
(−.3/0.2)

−0.07 (−0.2/0.0) 0.1 (−0.2/0.4) −0.3 (−0.6/0.1)

Decelerations (N) 35.9 (−17.8/90.1) 0.04 (−0.3/0.4) −1.9 (−9.0/5.1) −.6 (−3.7/2.4) −0.1 (−0.8/0.5) 0.00 (−0.1/0.1) −0.1 (−0.4/0.2) 0.3 (0.0/0.6)

(Continued on following page)
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TABLE 2 (Continued) Mixed linear model regression of the variables related to the physical performance of 77 matches (2022 season) of an elite team in Brazil.

Contextual factors and
variables from training

sessions

Total
distance (m)

Relative
distance
(m/min)

Distance
>20 km/h (m)

Distance
>25 km/h (m)

Distance
>30 km/h (m)

Sprints
(N)

Max.
Speed
(km/h)

Accelerations
(N)

Decelerations
(N)

0.00
(−0.2/0.2)

Jumps >40 cm (N) 12.4 (−127.9/
149.0)

0.19 (−0.7/1.1) 0.6 (−17.5/18.6) −4.2 (−2.0/3.5) −0.9 (−2.5/0.7) −0.3
(−0.8/0.2)

−0.02 (−0.2/0.2) 1.0 (0.2/1.8) 0.2 (−0.6/1.0)

COD to left (N) −15.4 (−70.8/40.4) 0.2 (−0.2/0.6) 1.5 (−5.8/8.9) −.1 (−.3/3.0) 0.2 (−0.4/0.9) −0.05
(−0.2/0.2)

0.02 (−0.1/0.1) −0.02 (−0.3/0.3) −0.2 (−0.5/0.2)

COD to right (N) 14.2 (−37.9/67.0) −0.03 (−0.2/0.6) −4.1 (−11.0/2.8) −3.2 (-6.1/-0.2) −0.7 (-1.3/-0.1) −0.2
(-0.4/0.0)

−0.09 (-0.2/0.0) 0.1 (−0.2/0.4) −0.03 (−0.3/0.3)

RHIE block efforts (N) 17.5 (−78.4/111.9) 0.1 (−0.6/0.7) 1.6 (−10.7/14.0) 3.4 (-2.0/8.7) 0.1 (−1.0/1.2) 0.2 (−.1/0.6) 0.06 (−0.1/0.2) 0.2 (−0.3/0.8) 0.3 (−0.2/0.9)

Average RHIE effort (N) −9.8 (−57.4/37.6) −0.2 (−0.5/0.2) 3.4 (−2.8/9.5) 2.4 (−0.2/5.1) 0.4 (−.2 .9) 0.2 (0.0/0.3) 0.06 (0.0/0.1) −0.1 (−0.3/0.2) 0.01 (−0.2/0.3)

RHIE block recovery time (RHIE/min) 18.1 (−46.9/83.1) −0.1 (−0.5/0.3) −9.1–17.4/0-.7) −4.2 (-7.9/-0.6) −0.2 (−1.0/0.5) −0.3
(-0.5/-0.1)

−0.05
(−0.1//0.0)

−0.2 (−0.5/0.2) 0.02 (−0.3/0.4)

Jumps
>40 cm (N)

COD to
left (N)

COD to
right (N)

Explosive
effort

RHIE blocks
effort (N)

Average RHIE
effort (N)

RHIE block recovery
time (RHIE/min)

Distance
>20w (m)

Distance
>55w (m)

Player load

4.4 (0.8/8.0) 21.6 (10.7/32.4) 22.3 (12.2/32.3) 83.6 (60.5/106.7) 30.1 (21.86/38.31) 4.5 (3.95 5.06) 2.8 (1.50 4.42) 2,666.0 (2,089.1/
3,242.9)

312.4 (223.0/401.8) 1,166.2 (956.5/
1,375.9)

0.1 (−0.4/0.6) 0.5 (−1.1/2.0) −1.2 (−2.7/0.3) −1.5 (−4.8/1.7) −0.9 (−2.08/0.35) −0.05 (−0.13/0.03) 0.1 (−0.10/0.32) −204.4 (-289.6/-
119.1)

−17.7 (-31.1/-4.4) −11.9
(−41.5/17.6)

−0.9 (−1.4/-0.4) −1.7 (-3.1/-0.4) −0.5 (−1.5/0.4) −4.2 (-7.3/-1.1) −0.8 (−1.7/0.04) −0.05 (−0.10/0.00) 0.15 (−0.03/0.32) 84.2 (24.1/144.2) −9.3 (-18.4/-0.2) −3.6
(−33.1/25.8)

0.1 (0.0/0.3) −0.1 (−0.6/0.4) 0.1 (−0.6/0.4) 0.2 (−.9/1.2) −0.3 (−0.7/0.1) −0.02 (−0.05/0.01) 0.03 (−0.03/0.10) −20.2 (−47.0/6.6) −4.2 (-8.4/-0.1) −2.1 (−11.8/7.6)

−0.04 (−0.4/0.3) −0.4 (−1.4/0.7) −0.5 (−1.5/0.5) −1.8 (−4.0/0.4) −0.8 (-1.5/.01) 0.02 (−0.04/0.07) 0.10 (−0.04/0.24) −40.0 (−95.8/15.9) −8.5 (−17.2/0.2) −15.0
(−34.7/4.8)

−0.1 (−0.2/0.0) 0.2 (−0.2/0.5) 0.1 (−0.3/0.4) 0.5 (−0.3/1.2) 0.3 (.07 .63) 0.01 (−0.01 .03) −0.01 (−0.06/0.04) 37.7 (17.8/57.6) 6.1(3.0/9.2) 11.8 (4.8/18.7)

0.00 (0.00/0.00) 0.00 (−0.0/0.02) −0.00
(-0.01/0.00)

−0.01 (−0.01/0.00) 0.00 (0.00/0.00) 0.00 (0.00/0.00) 0.00 (0.00/0.00) −0.1 (−0.3/0.1) 0.00 (0.0/0.0) 0.0 (−0.1/0.0)

0.00 (−0.02/0.03) −0.1 (−0.03/0.1) 0.02 (−0.1/0.1) −0.07 (−0.2/0.1) 0.00 (−0.06/0.06) 0.00 (0.00/0.01) 0.00 (−0.02/0.01) −3.4 (−7.9/1.0) 0.01 (−.7/0.7) −1.3 (−2.8/0.2)

0.00 (0.00/0.01) 0.01 (−0.00/
0 .02)

0.01 (0.00/0.02) 0.04 (0.01/0.1) 0.01 (0.00/0.02) 0.00 (0.00/0.00) 0.00 (0.00/0.00) 1.5 (0.8/2.2) 0.1 (0.0/0.2) 0.3 (0.1/0.5)

−0.01 (−0.03/0.01) 0.02
(−0.03/0.01)

−0.04 (−0.1/0.0) −0.1 (-0.2/-0.00) 0.00 (−0.04/0.04) 0.00 (0.00/0.01) 0.00 (−0.01/0.00) −2.6 (−5.6/0.3) 0.6 (0.1/1.1) −1.2 (-2.3/-0.2)

(Continued on following page)

Fro
n
tie

rs
in

P
h
ysio

lo
g
y

fro
n
tie

rsin
.o
rg

B
ran

q
u
in
h
o
e
t
al.

10
.3
3
8
9
/fp

h
ys.2

0
2
4
.13

4
179

1

51

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1341791


TABLE 2 (Continued) Mixed linear model regression of the variables related to the physical performance of 77 matches (2022 season) of an elite team in Brazil.

Jumps
>40 cm (N)

COD to
left (N)

COD to
right (N)

Explosive
effort

RHIE blocks
effort (N)

Average RHIE
effort (N)

RHIE block recovery
time (RHIE/min)

Distance
>20w (m)

Distance
>55w (m)

Player load

0.00 (−0.01/0.01) −0.01
(−0.03/0.01)

−0.01
(−0.04/0.02)

−0.02 (−0.1/0.03) 0.0 (−0.03/0.02) 0.00 (0.00/0.00) 0.00 (−0.01/0.00) −2.2 (−3.7/-0.7) −0.1 (−0.3/0.1) −0.2 (−0.7/0.3)

−0.02 (−0.1/0.0) 0.2 (0.1/0.3) 0.1 (0.0/0.2) 0.2 (−0.04/0.4) 0.1 (0.06/0.24) 0.00 (0.00/0.01) −0.01 (0.00/0.00) 10.8 (4.5/17.0) 0.9 (0.0/1.9) 2.8 (0.7/5.0)

−0.01 (−0.1/0.1) −0.1 (−0.4/0.1) −0.1 (−0.3/0.2) −0.3 (−0.8/0.1) −0.1 (−0.28/0.07) 0.00 (−0.02/0.01) 0.03 (0.00/0.06) 0.9 (−11.5/13.5) 0.04 (−1.9/2.0) 2.6 (-1.8/7.0)

0.2 (−0.3/0.7) −3.0 (-4.5–1.5) −1.0 (−2.5/0.4) −1.4 (−4.6/1.7) −1.6 (-2.77/-0.43) −0.07 (−.15/0.01) 0.17 (−0.03/0.38) −54.2 (−136.1/27.7) −9.8 (−22.6/3.0) −18.6
(−47.1/9.8)

0.01 (−0.1/0.1) 0.2 (−0.2/0.5) 0.1 (−0.3/0.5) 0.1 (−0.7/0.9) −0.1 (−0.40/0.19) 0.00 (−0.01/0.03) 0.02 (−0.04/0.06) −18.2 (−38.9/2.6) −1.9 (−5.1/1.3) −3.4 (−10.6/3.9)

−0.02 (−0.1/0.1) 0.13 (−0.2/0.5) −0.2 (−0.5/0.2) −0.1 (−0.9/0.6) −0.2 (−.51 .07) −0.01 (−0.03/0.01) 0.04 (−0.02/0.09) −19.4 (−40.0/1.2) −1.4 (−4.6/1.8) −4.2 (−11.4/3.0)

0.04 (−0.1/0.2) 0.1 (−0.2/0.5) 0.3 (0.04/0.6) 0.7 (0.00/1.4) 0.2 (−0.01/0.51) −0.01 (−0.03/0.01) 0.00 (−0.04/0.05) 7.4 (−10.8/25.6) 0.4 (−2.4/3.2) 3.5 (−2.9/10.0)

0.3 (0.0/0.6) 1.6 (0.7/2.4) 1.2 (0.4/2.0) 1.5 (−0.3/3.4) 0.6 (−0.04/1.30) 0.03 (−0.01/0.08) −0.11 (−0.23/0.01) −15.0 (−61.7/31.8) 1.0 (−6.3/8.2) 16.4 (−0.1/33.0)

−0.00 (−0.1/0.1) 0.1 (−0.3/0.4) 0.02 (−0.3/0.4) 0.05 (−0.7/0.8) 0.1 (−0.18/0.36) −0.02 (−0.03/0.00) −0.04 (−0.09/0.01) 1.5 (−17.4/20.4) 0.01 (−2.9/2.9) 0.9 (−5.9/7.7)

−0.02 (−0.1/0.1) −0.1 (−0.5/0.2) 0.3 (0.01/0.6) −0.3 (−1.0/0.4) −0.2 (−0.49/0.02) 0.00 (−0.02/0.02) 0.04 (0.00/0.09) −6.8 (−24.6 11.1) −3.6 (-6.4/-0.8) 3.3 (−3.2/9.7)

0.08 (−0.1/0.3) −0.3 (−0.9/0.3) 0.1 (−0.5/0.7) 0.4 (−0.9/1.7) 0.1 (-0.31/0.61) 0.01 (−0.02/0.04) −0.01 (−0.09/0.07) 7.6 (−24.5/39.7) .8 (−4.2/5.8) 1.7 (−9.6/13.1)

0.01 (−0.1/0.1) 0.1 (−0.2/0.3) −0.2 (−0.5/0.1) −0.1 (-0.7/0.5) 0.1 (−0.13/0.33) 0.01 (−0.01/0.03) −0.03 (−0.06/0.02) −0.6 (−16.5/15.4) 2.8 (0.3/5.3) −1.8 (−7.3/3.8)

0.1 (−0.1/0.2) −0.4 (−0.8/0.0) −0.03 (−0.4/0.4) 0.00 (−0.8/0.8) −0.5 (-0.79/-0.17) −0.2 (−0.04/0.00) 0.09 (0.04/0.15) −3.6 (−25.4/18.2) −4.7 (-8.1/-1.3) −4.3 (−11.8/3.2)

COD, changes of direction; RHIE, repeated high-intensity exercise. Bold values indicate p < 0.05.
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are present. In Figure 7A, distance >20 km/h impact negatively the
COD, while sprints and RHIE block recovery time improving it.

The distance running >20 or 55 W kg−1 was associated with the
respective activity during training sessions (Figure 8).

The number of explosive efforts in matches (Figure 9A) was
associated with deceleration (Nodes 1 and 2). Running
distance >20 Km/h impacts the explosive effort (Nodes 3 and 4)
negatively, while large RHIE block recovery time positively impacts

the explosive effort (Nodes 5 and 6). RHIE block was associated
with RHIE block recovery time (Figure 9B), with sprints (nodes
3 and 4) and decelerations (nodes 5 and 6) impacting positively.
The average RHIE was associated with sprints and jumps
(Figure 9C). RHIE block recovery time was associated with
their respective training variable (Figure 9D), with the
distance covered at 35–45 W kg−1 improving RHIE block
recovery time, while sprints worsening it.

FIGURE 2
Decision tree regression for mean values of total distance controlled for Home/away condition from 77 matches from an elite team. Independent
variables are data from sessions training between matches during a season.
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FIGURE 3
Decision tree regression for mean values of relative distance from 77 matches of an elite team. Data from training sessions between matches
during a season are used as independent variables.
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To verify the association between training load and match
performance, in Figure 10, three clusters were created from
training load (high, medium, and low load clusters) and match
performance (high, medium, and low performance clusters). All the
variables of the three clusters from both match performances and
training load are significantly different within (ANOVA: p < 0.001).
Figure 10 plot data from match performance data as a function of
training load. The Chi-square test identified a significant association
(p < 0.001, phi = 0.246) between training load and match
performance. The training load clusters were not associated with
player position or home-away match condition (data not shown,
all >0.325). However, the match performances clusters were
associated with player position and home-away match condition
(p = 0.001, phi = 0.364, see Figure 11).

4 Discussion

It is important to note that these data are from a busy season of a
world elite team (77 matches, i.e., one match every 4 days per player).
The team has a 36-man squad that rotates throughout the season to
keep up with the match schedule. This is an extremely high volume for
elite soccer, although it is common in Brazil. Themain challenge for the
training team is to give the athletes the physical conditioning stimulus
(in a few training opportunities, i.e., two training sessions between
matches) without leading them to acute overtraining (high load in one
session) or chronic overtraining (high load of training combined with
high load of matches), which can lead to injuries due to overload
(Kalkhoven et al., 2021). An optimal training load for Brazilian elite
soccer players has not been reported in the literature. Therefore,

Brazilian soccer coaches/trainers certainly learn from trial and error.
This work presents a case study analyzing training load values and their
association with field performance. In this sense, it is indicated here the
load values that will benefit athletes who are subjected to a busy calendar
(such as the Brazilian). The main finding of this study was to identify
that performance variables in games of a team with an extensive and
congested season are related to the training load variables in a specific
way. Possible stimuli interference was also identified, suggesting that a
periodization (or load modulation) of the stimuli is necessary to
improve the performance of athletes.

The mixed linear model and regression trees suggest that the
variables from running sessions (which have a greater mechanical
impact on players), such as COD, accelerations, decelerations, and
jumps (McBurnie et al., 2022), negatively affect game speed variables
(such as running at speeds >20, >25, or >30 km/h) and total running
distance. On the other hand, variables related to greater mechanical
impact positively influence the performance of variables related to
their domain (COD, accelerations, decelerations, and jumps),
indicating the specificity of the stimulus. The variables related to
running in a straight line are positively influenced by the variables
related to distances covered at high intensity (running >25 km/h
or >20 W kg−1), which reinforces the specificity of the stimulus. For
example, total distance, relative speed, or distance traveled at 20 km/
h during games are all positively influenced by distances
traveled >20W. In addition, covering distances >25, >30 km/h,
running at maximum speed, or the number of sprints are all
positively influenced by covering distances at >55 W kg−1 in
training sessions. Previous research (Little and Williams, 2005)
has shown that acceleration, agility and maximal speed are
specific traits and are relatively unrelated to one another in

FIGURE 4
Decision tree regression for distancemean values of distance running at 20 km/h [(A), controlled for home/away condition], 25 km/h [(B), controlled
for home/away condition], and 30 km/h (C) from 77 matches of an elite team. Data from training sessions between matches during a season are used as
independent variables.
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FIGURE 5
Decision tree regression for maximum speed [(A), controlled for home/away condition] and amounts of sprints [(B), controlled for home/away
condition] from 77 matches of an elite team. Data from training sessions between matches during a season are used as independent variables.

FIGURE 6
Decision tree regression for amounts of Jumps [(A), controlled for home/away condition], acceleration [(B), controlled for player position], and
deceleration [(C), controlled for player position] from 77matches of an elite team. Data from training sessions betweenmatches during a season are used
as independent variables.
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FIGURE 7
Decision tree regression for amounts of change of direction to left (A), controlled for player position and to the right (B) from 77 matches of an elite
team. Data from training sessions between matches during a season are used as independent variables.

FIGURE 8
Decision tree regression for the running distance >20W [(A); controlled for home/away condition] and >55W [(B), controlled for player position] from
77 matches of an elite team. Data from training sessions between matches during a season are used as independent variables.
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FIGURE 9
Decision tree regression for amount of explosive of effort [(A), controlled for player position], repeated high-intensity effort (RHIE) block (B), average
RHIE (C), and RHIE recovery time (D) from 77 matches of an elite team. Data from training sessions between matches during a season are used as
independent variables.
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soccer players. In this sense, the authors suggested that training
procedures for each component need to be considered during the
training process. For example, a previous experimental study
(Young et al., 2001) showed that an increase in COD load
reduces the gains in sprint performance. COD training improves
the COD-test, but does not improve straight line speed performance.
Therefore, the present data indicated that an interference
phenomenon could occur in the real scenario, i.e., when a high
load of two distinct capabilities (running in straight line vs COD,
deceleration, and jump) is applied throughout the season. same
training block. It is important to note that individuals with poor
performance in straight-line running (always on the left side of the
decision trees) are influenced by the variables COD, decelerations,
jumps, or player load. For example, the total distance covered in
games is positively influenced by the distance covered at >20 W kg−1;
however, individuals who cover a distance ≤744.62 m at 20 W kg−1

(left side of the tree, Figure 2A) are the ones who suffer a negative
influence from the high load of deceleration activities (>6.5 actions).
The same pattern can be observed for running variables such as
relative distance, running at different speeds (>20, >25, >30 km/h or
maximal speed) or intensities >20 or 55 W kg−1.

In Figure 11, three match performances were plotted as a
function of three training loads. Significant associations were
identified between training load and performance in matches.
The high load values described here have a beneficial effect on
match performance, despite inter-stimuli interference discussed
above. In addition, our cluster analysis revealed that there are
three distinct performances in both match and training
performance. As expected, the match performance cluster was
significantly associated with the player position and the home-

away factor (Figure 11). However, the training load was not
associated with player position or the match venue. Thus, we can
rule out the possibility that the association between training load
and match performance found in the present study is
significantly influenced by player position or the home-
away factor.

In a practical application, the decision tree regression model
suggests beneficial loads and possible corrections to improve
athlete performance. In this sense, the training blocks to improve
agility, accelerations/decelerations, and jumps must be carefully
planned to improve their respective qualities on the match, and at
the same time, strategies must be tested to mitigate drops in
straight-line running performance. For example, match relative
speed was associated with running a distance greater than
744.62 m at an intensity of >20W. However, athletes who do
not reach this distance can improve their relative speed if they
have a lower the activities related to mechanical impacts (e.g.,
COD or jumps). As these data are based on observational data,
future studies experimenting with this load modulation and
periodizing the stimuli may confirm our findings. Also, future
studies investigating whether the interferences identified here are
due to a lack of specific stimulus (due to the short training time to
provide the stimuli in a busy schedule) or due to cross
interference.

5 Conclusion

This study presents a positive training load from a busy season of
an elite Brazilian professional team. In addition, it can be stated that

FIGURE 10
Match performance plotted as a function of three different training loads over a season from an elite Brazilian team.
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the interference effect occurs when high physical training is applied
to different physical skills (e.g., COD and running in a straight line)
throughout the season. Additionally, the regression tree model can
be a useful tool to identify optimal loads and possible corrections to
improve the athlete’s match performance.
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This study provides insight into the current fitness testing practices in elite male
soccer. One hundred and two practitioners from professional soccer leagues
across 24 countries completed an online survey comprising 29 questions, with
five sections: a) background information, b) testing selection, c) testing
implementation, d) data analysis, and e) data reporting. Frequency analysis was
used to evaluate the responses to fixed response questions and thematic analysis
was used for open-ended questions to generate clear and distinct themes.
Strength (85%) and aerobic capacity (82%) represent the most frequently
assessed physical qualities. Scientific literature (80%) is the most influential
factor in testing selection and practitioners conduct fitness testing less
frequently than their perceived ideal frequency per season (3.6 ± 2 vs. 4.5 ±
2). Time and competitive schedule were the greatest barriers to fitness testing
administration. Practitioners mostly used a ‘hybrid’ approach (45%) to fitness
testing, blending ‘traditional’ (i.e., a day dedicated to testing) and ‘integrated’
(i.e., testing within regular training sessions) methods. Microsoft Excel is the most
used software for data analysis (95%) and visualization (79%). An equal use of the
combination of best and mean scores of multiple trials (44%) and the best score
(42%) was reported. Comparing a player’s test performance with previous scores
(89%) was the most common method for interpreting test results. However, only
38% considered measurement error. Digital displays and verbal feedback are the
most common data reporting methods, with different data reporting processes
for coaches and players. Practitioners can use data and findings from this study to
inform their current testing practices and researchers to further identify areas for
investigation, with the overarching aim of developing the field of fitness testing in
elite male soccer.
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Introduction

Soccer is a sport where success depends on technical, tactical,
physical, and psychological factors (Turner and Stewart, 2014).
Accordingly, soccer match-play requires players to execute
different high-intensity activities, such as kicking, tackling,
turning, jumping, and sprinting (Stølen et al., 2005). The physical
demands are ever-increasing (Bush et al., 2015; Zhou et al., 2020),
with elite soccer players covering distances of ~14 km per game, with
~10% being at speeds >19.8 km/h (Dolci et al., 2020). The number of
matches played by professional players has also increased, with a
soccer season in the English Premier League and other major
European soccer leagues comprising ~60 matches, including
domestic, cup, and international competitions (Nassis et al.,
2020). A high level of athleticism seems to be essential to cope
with the demands of the modern game. For example, research has
shown differences in physical attributes (e.g., speed, power, strength,
change of direction ability, and aerobic capacity) between starting vs.
non-starting players (Hoppe et al., 2020), senior vs. youth (Cardoso
De Araújo et al., 2018), and elite vs. non-elite players (Kobal et al.,
2016). Therefore, fitness testing is necessary to provide practitioners
(e.g., strength and conditioning [S&C] coaches, sports scientists)
with objective information on the physical capacity of individuals
and teams, which can be used to benchmark players, design and
evaluate individualized training programs, reduce injury risk,
inform return-to-play processes, and contribute to talent
identification (Turner et al., 2011; Taylor et al., 2022; Weakley
et al., 2023).

Employing a comprehensive fitness testing battery supports the
development of well-rounded and physically robust soccer players
(Svensson and Drust, 2005; Beato et al., 2023). Therefore, testing
selection should be based on general and position-specific
requirements of soccer (e.g., biomechanical and physiological
aspects) (Turner et al., 2011), and ‘testing for the sake of testing’
should be avoided if it does not provide value to the training process.
Practitioners face the challenge of choosing between various
assessments and outcome variables, since a standardized
universal testing battery in soccer has yet to be established.
Typically, soccer fitness testing batteries include aerobic capacity,
linear speed, strength, power, reactive strength, change of direction
(COD), and repeated sprint ability (RSA) tests (Turner et al., 2011;
Taylor et al., 2022). To navigate the uncertainty of the testing
selection process, practitioners must select tests that measure the
intended capacity (validity) and ensure results are representative of
the athlete’s ability (reliability) (McGuigan, 2016; Weakley et al.,
2023). Furthermore, tests should be sensitive enough to detect small
but meaningful changes in performance to demonstrate players’
physical progress (Paul and Nassis, 2015). Accordingly, external
factors such as equipment availability, number of athletes, age and
training status of athletes, competitive schedule, time efficiency,
simplicity, practicality, and timing can influence the testing selection
and administration process (McGuigan et al., 2013).

The selected fitness testing battery will likely result in vast
amounts of data requiring in-depth analysis for teams and
individual players (Turner et al., 2021; Turner, 2022). Therefore,
practitioners require advanced data analysis skills to distinguish the
‘signal’ from the ‘noise’ (Hopkins, 2000). This will enable them to
interpret and present results effectively to other members of the

athlete support team (e.g., coaches) and inform the wider training
process (Buchheit, 2017). Therefore, practitioners should aim to
create intuitive and informative reports, as coaches may not possess
a statistical background (Thornton et al., 2019). As players are in the
middle of the data collection and reporting process, results must be
clearly communicated to them and actioned accordingly, thus
leading to increased buy-in. Nevertheless, there is no ‘one size
fits all’ when reporting test results, and the audience’s preference
will determine the output.

Although research has extensively examined different methods
to measure fitness in elite soccer players, limited evidence exists on
how the ‘science’ of fitness testing is translated into practice,
particularly concerning testing data analysis and reporting.
Previous survey-based research provided insight into fitness
testing in soccer; however, this formed part of a larger survey
instrument and did not directly ask about data analysis and
reporting (Beere and Jeffreys, 2021; Weldon et al., 2021), or the
sample consisted of mixed backgrounds (elite and non-elite, male
and female) (McQuilliam et al., 2023). Therefore, this survey study
aims to acquire real-world insights into the fitness testing processes
being conducted in elite male soccer. Our results will provide
valuable information on the selection, implementation, data
analysis, and data reporting of fitness tests, providing a basis of
information for practitioners and researchers. Furthermore,
potential areas for further investigation and research will also be
highlighted.

Materials and methods

Participants

Participants were recruited using a digital invitation via the
research team’s network and use of online platforms (i.e., X
[formerly Twitter] and LinkedIn). Chain sampling was used to
maximize the sample size, whereby practitioners were requested
to share the survey with their elite soccer network. The inclusion
criteria to ensure that collected responses represented the current
testing practices in elite soccer required participants to be involved
in a professional soccer club working with male players >17 years
old. Participants gave their consent by clicking the relevant box on
the introductory page of the survey. All participants were ≥18 years
old. ***REMOVED FOR PEER REVIEW*** research and ethics
committee at ***REMOVED FOR PEER REVIEW*** provided
ethical approval for the study.

Study design

The online survey platform SurveyMonkey (San Mateo,
California, United States) was used to create and host the survey.
Initially, the survey underwent pilot testing with three S&C coaches
working in elite male soccer; two with a PhD and one with a master’s
degree, all with more than 7 years’ of experience in elite soccer, and
three researchers with an applied soccer background and more than
9 years in academia, to assess content validity. This led to minor
modifications and rewording of questions to ensure they were clear
and appropriate for the intended population. The introductory page
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of the survey outlined the purpose of the study, general information,
confidentiality of information, and included the informed consent
statement. The survey lasted ~15 min, contained five sections: 1)
background information, 2) testing selection, 3) testing
implementation, 4) data analysis, and 5) data reporting), and
included a combination of fixed response and open-ended
questions (see Supplementary Appendix S1). Some questions
allowed more than one answer, resulting in some questions
having more answers than others.

Data acquisition and statistical analyses

All responses from SurveyMonkey were exported into a
customized Excel spreadsheet (Microsoft Corporation, Redmond,
Washington, United States) for further analysis. The data collection
period was from the first of July 2023 to the 15th of December 2023.
Data were analysed and presented using a range of descriptive
statistics, including the calculation of the mean, standard
deviation, absolute frequencies (counts), and relative frequencies
(percentages). A frequency analysis was undertaken with fixed
response questions. Open-ended questions were evaluated using a
thematic analysis approach (Braun and Clarke, 2019), similar to
previous survey studies in elite soccer (Weldon et al., 2021; Loturco
et al., 2022). This thematic analysis approach consisted of the
subsequent six-step framework: 1) familiarization with the data,
2) generating initial codes, 3) searching for themes, 4) reviewing
themes, 5) defining and naming themes, and 6) producing the
report. The key themes arising from the raw responses were
generated for each open-ended question by the lead author and
agreed upon by all co-authors with extensive experience physically
testing athletes.

Results

Demographics

One hundred and two elite male soccer practitioners, consisting
of 32 S&C coaches, 27 physical performance coaches, 24 sports
scientists, nine directors/heads of performance, seven
physiotherapists, and three technical coaches, with professional
experience of 8.2 ± 5.7 years, took part in this study.
Practitioners worked in professional soccer across 24 countries,
including Italy (28.4%), The United Kingdom (24.5%), Germany
(7.8%), The United States of America and Portugal (each 4.9%),
Spain (3.9%), Greece (2.9%), Australia, Cyprus, Denmark, India,
Scotland and Sweden (each 1.9%), and Belgium, Bosnia and
Herzegovina, Croatia, France, Georgia, Ireland, Netherlands,
Northern Ireland, Saudi Arabia, Singapore and Turkey (each
1%). Regarding academic background, 63% had a master’s
degree, 18% had a PhD degree, 15% had a bachelor’s degree, and
4% were PhD candidates. Professional qualifications were widely
held by respondents, including soccer coaching licenses (62.7%),
National Strength and Conditioning Association (NSCA) Certified
Strength and Conditioning Specialist (CSCS) (22.5%),
United Kingdom Strength and Conditioning Association
(UKSCA) Accredited Strength and Conditioning Coach (ASCC)

(8.8%), British Association of Sport and Exercise Sciences (BASES)
Accredited Sport and Exercise Scientist (7.1%), and NSCA Certified
Performance and Sport Scientist (CPSS) (2.9%).

Testing selection

Figure 1 illustrates the frequency of responses regarding the
physical capacities that practitioners assessed within their fitness
testing batteries. Table 1 represents the most common tests used to
assess each physical capacity. For the factors influencing the
selection of testing methods, 83 participants (81%) responded.
The most common responses were published scientific literature
(80%), constraints (e.g., time, budget, equipment) (60%), expert
opinion or professional experience (59%), needs analysis of the sport
(58%), specific needs or goals of the team or players (40%),
usefulness of a test (established from in-house test-retest
reliability) (35%), prescribed from national governing bodies
(10%), and ‘other’ reasons (7%) (e.g., the ability of a test to
inform programming, the ability to inform the return-to-play
process, and the historical use of tests in the club).

Testing implementation

In total, 75 participants (74%) answered the questions regarding
testing implementation. Practitioners reported conducting 3.6 ±
2 formalized fitness testing sessions with their players per season.
However, practitioners believed the optimal formalized fitness
testing frequency should be 4.5 ± 2 times per season. Figure 2
illustrates when practitioners conduct formalized fitness testing
during the season. Figure 3 shows the perceived degree of burden
(barriers) in elite male soccer concerning the implementation of
fitness testing. In terms of how fitness testing is carried out, 45%
reported following a ‘hybrid’ approach, which blended ‘traditional’
(i.e., a day dedicated to testing) and ‘integrated’ (i.e., testing within
regular training sessions) methods. Whereas 28% specifically used
an ‘integrated approach’ and 27% used a ‘traditional approach’.

Data analysis

Overall, 73 participants (72%) answered the questions
regarding data analysis. Of those, 71% reported using statistical
software to analyse fitness testing data, with Microsoft Excel being
the most prevalent (95%), followed by R (24%), Google Sheets
(22%), SPSS (22%), ‘other’ software (16%) (i.e., Microsoft Power
BI, Tableau, and athlete management systems), JASP (9%), and
Python (5%). For the analysis of fitness test results, 44% of
practitioners use the best and average scores of repeated trials
to evaluate performance, while 42% use the best score and 14% use
the average score. Regarding the selection of raw or standardized
values from fitness testing to analyse and interpret results, 36% of
practitioners use raw values, 31% use both, 26% use the method
determined by the audience (i.e., coaches or players), and 7% use
standardized scores. Table 2 shows the methods practitioners use
to interpret fitness test results and determine changes in a player’s
performance.
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Data reporting

In total, 72 participants (71%) answered the questions regarding
data reporting. Most practitioners (96%) reported testing results to
their players. Figure 4 illustrates the preferred means for reporting
testing results to players and coaches. Microsoft Excel (79%) was the
most commonly used software for data visualization, followed by
Microsoft Power BI (32%), Google Sheets (21%), ‘other’ software
(18%) (i.e., athlete management systems, Microsoft PowerPoint,
Prism GraphPad, and Statistica), R (7%), Tableau (7%), Python
(4%), and JASP (4%). Interestingly, 55% of practitioners reported
using different data visualization methods for coaches and players.
Open-ended responses revealed that practitioners generally tailored
reports and volume of information to the audience’s needs. For
example, players typically received intuitive, individualized reports
related to their performance and areas of improvement (i.e., targets
for the subsequent testing assessment). Meanwhile, coaches received
more comprehensive reports, such as an increased number of
variables and more in-depth analyses and comparisons
(i.e., team- and position-specific comparisons, use of total score
of athleticism).

Discussion

This study provides insight into the current practices of fitness
testing in elite male soccer. To the authors’ knowledge, this is the
first study that acquires in-depth information regarding fitness
testing selection and implementation in elite soccer across
different professional leagues, as well as providing unique
insights into the previously unexplored areas of testing results
analysis and reporting. The findings of this study can be
beneficial for practitioners and researchers working in elite male

soccer, illustrating the fitness testing process, analysis and
presentation of results, and highlighting areas where
standardization may be needed. The discussion will be organized
into four sections: a) testing selection, b) testing implementation, c)
data analysis, and d) data reporting.

Testing selection

Strength and aerobic capacity were reported as the most
frequently assessed physical capacities in this study, which aligns
with a previous survey conducted in elite soccer (Weldon et al.,
2021), followed closely by power/reactive strength, and linear speed.

Strength is a fundamental capacity for completing in-game
explosive actions, such as sprinting, jumping, and engaging in
physical duels (Wing et al., 2020). Moreover, high strength levels
can help reduce injury risk (Arnason et al., 2004; Lehance et al.,
2008), thereby contributing to increased training and match
availability. The isometric mid-thigh pull (IMTP) and adductor
squeeze tests are the most commonly performed strength
assessments. Both tests present high levels of between-day
reliability in elite soccer players, with peak force during the
IMTP exhibiting an ICC of 0.88, CV of 5.8%, and SEM of 131 N
(Musham and Fitzpatrick, 2020). Furthermore, relative peak torque
during the adductor squeeze test showed ICC values ranging from
0.77 to 0.95 and an SEM ranging from 0.08 to 0.18 Nm/kg,
depending on the lever length assessed (Light and Thorborg,
2016). The IMTP is an isometric multi-joint test that assesses
lower-body strength in a more time-efficient and less fatiguing
manner than dynamic testing (e.g., one repetition maximum
[RM] back squat) while also providing data and insight into
various components of an athlete’s force production ability
within a single trial (i.e., peak force, force at specific time points,

FIGURE 1
Physical capacities that practitioners assess (n = 102).
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TABLE 1 Most common tests reported by practitioners to assess each physical quality.

Physical capacity (number of
respondents)

Test Percentage of
respondents

Strength (n = 79) Isometric Mid-Thigh Pull (IMTP) 28/79 (35%)

Isometric Adductor Strength (Groin Squeeze Test) 27/79 (34%)

Isokinetic Strength of the Quadriceps and/or Hamstrings 23/79 (29%)

3RM Squat 18/79 (23%)

3RM Bench Press 13/79 (16%)

Other: Nordic Hamstring Strength Test, Isometric Hamstring Strength Test, Max Pull-
Ups, 3RM Pull-Up, Isometric Calf Raise, 1RM Trap Bar Deadlift

13/79 (16%)

1RM Squat 12/79 (15%)

Predicted 1RM using Barbell Velocity 10/79 (13%)

1RM Bench Press 8/79 (10%)

Isometric Squat 7/79 (9%)

Flywheel Testing 4/79 (5%)

Aerobic Capacity (n = 78) 30–15 Intermittent Fitness Test 23/78 (29%)

Yo-Yo Intermittent Recovery Test 2 19/78 (24%)

Yo-Yo Intermittent Recovery Test 1 17/78 (22%)

Specified Distance for Time 17/78 (22%)

Incremental Treadmill Test to Exhaustion 12/78 (15%)

Submaximal Test 10/78 (13%)

Specified Time for Distance 9/78 (12%)

Multi-stage Fitness Test (Beep Test) 7/78 (9%)

VAMEVAL Test 4/78 (5%)

Other: Mognoni’s Test, Bosco Test 3/78 (4%)

University of Montreal Track test 1/78 (1%)

Power/Reactive Strength (n = 74) Countermovement Jump (CMJ) 68/74 (92%)

Squat Jump (SJ) 33/74 (45%)

Single-leg Countermovement Jump (SL CMJ) 32/74 (43%)

Drop Jump (DJ) 28/74 (38%)

10/5 Repeated Jumps Test 18/74 (24%)

Triple Hop Test 15/74 (20%)

Single-leg Hop Test 14/74 (19%)

Single-leg Drop Jump 12/74 (16%)

Other: Standing Broad Jump, Triple Broad Jump, Trap Bar Squat Jump 8/74 (11%)

Vertical Jump with Free Arms 7/74 (9%)

Linear Speed (n = 67) 10 m 43/67 (64%)

30 m 39/67 (58%)

20 m 32/67 (48%)

5 m 28/67 (42%)

40 m 11/67 (16%)

(Continued on following page)
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rate of force development, and impulse) (Brady et al., 2018; Comfort
et al., 2019). On the other hand, the adductor squeeze test has been
widely implemented due to the role adductor muscles play in soccer-

specific tasks, such as kicking, landing, and cutting (Charnock et al.,
2009; Rouissi et al., 2016). Also, groin injuries are one of the most
affected areas for injury in professional soccer, contributing to 12%–

TABLE 1 (Continued) Most common tests reported by practitioners to assess each physical quality.

Physical capacity (number of
respondents)

Test Percentage of
respondents

20 m Flying 8/67 (12%)

30 m Flying 7/67 (10%)

Other: 50m, 60m, Max Velocity with GPS 5/67 (7%)

10 m Flying 4/67 (6%)

40 m Flying 4/67 (6%)

5 m Flying 0/67 (0%)

COD (n = 49) 505 Test 27/49 (55%)

t-Test 9/49 (18%)

Illinois Agility Test 8/49 (16%)

Other: COD Test, Pro Agility Test, Modified 505 Test, In-house COD Test (10 + 10 m
with 90° Cut)

8/49 (16%)

Arrowhead Agility Test 6/49 (12%)

Zig-Zag Test 0/49 (0%)

RSA (n = 30) 7 × 30 m Sprint with 20s Rest 10/30 (33%)

6 × 40 m Sprint with 20s Rest 7/30 (23%)

8 × 30 m Sprint with 25s Active Recovery 6/30 (20%)

6 × 40 m (20 + 20 m with 180° Turns) Shuttle Sprint with 20s Rest 6/30 (20%)

Other: 6 × 35 m Sprint with 10s Rest, 6 × 25 m Sprint with 25s Rest, 5 × 30 m with 20s
Active Recovery

5/30 (17%)

aRM: repetition maximum.
aGPS: global positioning system.

FIGURE 2
Timing of testing (n = 75).
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16% of all injuries per season, with an injury incidence of 1.1/1000 h
of training and match play (Werner et al., 2009). Previous research
has shown that greater isometric adductor strength levels can help
reduce injury risk (Moreno-Pérez et al., 2019). In both cases, the
growing accessibility of specialized equipment such as force plates
and specialized adductor strength testing systems (i.e., ForceFrame,
GroinBar, Kangatech KT360) may contribute to their use.

The high prevalence of aerobic capacity testing is unsurprising,
considering the high aerobic demands of soccer, where players are
required to cover distances up to 14 km per match (Dolci et al.,
2020) and the role that aerobic capacity plays in the quick recovery
from explosive actions (Stølen et al., 2005). For aerobic capacity
assessments, field tests were the most frequently used, such as the
30–15 intermittent fitness test (30–15 IFT) (ICC: 0.80–0.99, CV:
1.5%–6.0%) (Grgic et al., 2021), Yo-yo intermittent recovery test

level 1 (YYIR1) (ICC: 0.78–0.98, CV: 4.1%–19.0%) and 2 (YYIR2)
(ICC: 0.86–0.96, CV: 4.2%–12.7%) (Grgic et al., 2019), and specified
distance time trials. This is unsurprising as field tests are a simple
and quick option for practitioners to assess the aerobic capacity of
groups of individuals with minimal equipment and preparation
(Bok and Foster, 2021).

The occurrence of sprints and jumps preceding some of themost
decisive moments of a game, such as scoring a goal (Faude et al.,
2012), may explain the high percentage of practitioners that assess
power/reactive strength and linear speed capacities. Furthermore,
their administration is simple and quick, which allows their
integration within gym and field sessions. For power assessments,
the countermovement jump (CMJ) (92%) was the most used by
practitioners in this study. The CMJ is a time-efficient test that
requires minimal athlete familiarization, exhibiting high within-

FIGURE 3
Perceived degree of burden (n = 75).

TABLE 2 Methods of interpreting fitness test results (n = 73).

Factors Percentage of respondents

Based on athlete’s previous performance 65/73 (89%)

Based on comparison with normative data or benchmarks (published/squad) 50/73 (68%)

Position-specific comparisons 38/73 (52%)

Taking into account some form of error of the measurement (typical error, minimal detectable change, standard deviation, smallest
worthwhile change, confidence intervals)

28/73 (38%)

Based on expert opinions or professional consensus 12/73 (16%)

Other (please specify) 0/73 (0%)
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(i.e., ICC: 0.97, CV: 2.7%, SEM: 1.4 cm) and between-day (i.e., ICC:
0.83, CV: 4.3%, SEM: 1.7 cm) reliability in elite soccer players
(Enright et al., 2018; Maestroni et al., 2023). Results show that
practitioners use a multi-faceted approach to power testing,
including other tests such as the squat jump (SJ) (ICC: 0.89, CV:
3.7%, SEM: 1.4 cm) (Enright et al., 2018), single-leg CMJ (SLCMJ)
(ICC: 0.70–0.96, CV: 3.7%–13.7%) (Bishop and Read, 2019) and
drop jump (DJ) (ICC: 0.95, CV: 2.5%) (Requena et al., 2014), to
possibly gain a broader picture of stretch-shortening cycle (SSC)
characteristics and inter-limb asymmetry. Concerning linear speed
assessment, practitioners generally tested distances <40 m, with
10 m (ICC: 0.78–0.87, CV: 0.8%–3.6%, SEM: 0.02 s) (Bishop and
Brashill, 2019; Stern et al., 2020; Bishop et al., 2022), 30 m (ICC:
0.86–0.94, CV: 1.1%–2.3%) (Bishop et al., 2022; 2023), 20 m (ICC:
0.82–0.99, CV: 0.9%–1.3%. SEM: 0.02 s) (Ben Brahim et al., 2021;
Bishop et al., 2023), and 5 m (ICC: 0.87–0.99, CV: 1.7%–2.5%, SEM:
0.01–0.02 s) (Bishop and Brashill, 2019; Ben Brahim et al., 2021)
sprints being the most commonly selected, in respective order. This
selection may be based on match activity profiles, as individual
sprints usually last between 2 and 4 s and are typically <20 m in
distance (Vigne et al., 2010).

Published scientific literature was reported as the most
influential factor for test selection, which could indicate the
intention of practitioners to utilize scientifically scrutinized
testing methods (i.e., ensuring reliability and validity). The
constraints faced in practice (e.g., time, budget, and
equipment), expert opinions, and previous professional
experience also highly influenced testing selection. These
findings support the notion that research may inform practice
and practice may inform research. Finally, only one-third of
practitioners conducted in-house test-retest reliability to
determine their selected tests and metrics, possibly due to time
constraints within elite soccer. In-house test-retest reliability helps
identify the measurement error, which informs future test
selection, selected outcome variables, analysis methods, and
interpretation of results (Hopkins, 2000; Turner, 2022).

However, an inability to administer in-house reliability analysis
can present limitations since within-day and between-day test
reliability is not always the same owing to biological variations
(Hopkins, 2000; Altmann et al., 2019). Furthermore, the
measurement error depends on the familiarity of the athletes
with the tests (Comyns et al., 2019), underscoring the
importance of assessing the reliability within the specific cohort.

Testing implementation

Practitioners believed their implemented testing frequency was
less than optimal, which suggests practitioners cannot administer
fitness testing as frequently or as extensively as desired. The two
prominent burdens were time availability and congested competitive
schedules, similar to a previous survey in elite soccer (Weldon et al.,
2021). Almost half of practitioners adopted a ‘hybrid’ fitness testing
approach to overcome this issue. This allows practitioners to
combine the benefits of a traditional testing approach (i.e., testing
in standalone sessions at specific timepoints) with the continuous
monitoring during data collection in regular training sessions,
facilitating on-going data-informed decisions.

Regarding timing, fitness testing occurs predominantly at the
beginning of the pre-season, which is supported by a previous survey
conducted in professional soccer (Weldon et al., 2021). This may be
due to time availability as few competitions are held during this
period, therefore offering the opportunity to conduct thorough,
uninterrupted assessments. Furthermore, fitness testing early in pre-
season establishes baseline fitness levels, which lays the foundation
for performance goal setting, fatigue monitoring, and return-to-play
processes (Maestroni et al., 2023; Weakley et al., 2023). A large
proportion of fitness testing was also conducted during mid-season,
possibly due to competition breaks, with data being used to assess
mid-term progress and inform training adjustments and
prescriptions. Fewer practitioners tested at the end of the pre-
season period, possibly due to the start of the competitive period,

FIGURE 4
Means of reporting test results (n = 73).
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where the main focus is on winning games, and consequently, fitness
testing becomes less of a priority. Equally, few practitioners tested
during the end of the season as players usually depart for their off-
season period immediately after the last game. However, this could
inform individualized off-season programming.

Data analysis

The substantial number of practitioners using statistical analysis
or statistical software to analyse fitness testing data supports the
notion that practitioners should be proficient with the range of
methods by which testing data can be analysed (Turner et al., 2015).
Most practitioners used Microsoft Excel, highlighting its role as a
fundamental tool for practitioners working in elite soccer.
Nevertheless, Microsoft Excel has performance limitations when
handling large datasets and has limited advanced statistical analysis
capabilities. Consequently, R and SPSS are increasingly utilised
beyond academic settings.

Concerning the analysis of fitness testing results, the responses of
practitioners indicate the discrepancy and the lack of consensus that
exist in the field. Overall, 44% of practitioners use both the best and the
mean score of multiple trials, which may suggest that practitioners aim
to capture a comprehensive picture of an athlete’s performance. In
contrast, 42% reported using only the best score to analyse testing
results, which aligns with what is generally performed in research
(Claudino et al., 2017). This approach may have limitations since a
single trial may not accurately reflect an individual’s overall
performance, as previous studies have shown that analysing the
results using the best score leads to reduced reliability and sensitivity
(Kennedy and Drake, 2021; Howarth et al., 2022). Nevertheless, it
would also be prudent to record the best score as the mean score could
mask an athlete’s maximal physical capacity by including trials where
performance was suboptimal. This highlighted disparity in the methods
practitioners use may be an area for future investigation to inform a
standardized approach to data analysis in elite soccer.

Differences were also observed for the use of raw or standardized
scores in the data analysis and interpretation process. Results
demonstrated a similar preference for practitioners to analyse the
results based on raw values (36%) and the combination of raw and
standardized scores (31%). Raw scores offer the advantage of
immediate feedback and direct comparison with an individual’s
performance over time. On the other hand, standardized scores
express the test results as a standard deviation from the mean, which
is valuable to show where the player ranks relative to the group or
comparing test performance with different outcome variables
(McGuigan et al., 2013; Turner et al., 2019).

Last but not least, some valuable insights can be drawn from the
responses on how practitioners interpret fitness testing results. Most
practitioners (89%) compared current test results to previous results,
which is reasonable as assessing individual changes is the most
relevant for the practitioners working in the practical setting to
inform the continuation or modification of a training intervention
(Ward et al., 2018). Nevertheless, a lower percentage (38%)
accounted for measurement error, which allows for the
identification of normal variation between testing sessions. This
may have major implications for the interpretation of fitness test
results, because if a change in performance is not greater than the

measurement error, then the change cannot be deemed with
confidence as meaningful (Hopkins, 2000). Therefore, this may
lead to training interventions being perceived as successful or
unsuccessful, and subsequent decisions being ill-informed.
Therefore, adopting a more holistic approach to interpreting
performance changes may be beneficial. A large percentage (68%)
of practitioners compared results with normative data or established
benchmarks, which can play a key role in setting performance goals
and talent identification (McGuigan et al., 2013). Finally, a position-
specific comparison (52%) is performed by practitioners, as different
positions have varying physical demands, thus different expected
physical profiles (Walker and Hawkins, 2018; Turner et al., 2019).

Data reporting

Most practitioners (96%) report testing results to the players,
demonstrating the importance placed on performance feedback in
the athletic development process. Furthermore, informing players of
their strengths, weaknesses, and longitudinal progress could increase
their engagement and overall buy-in. Digital displays (e.g., static and
interactive dashboards) and verbal feedback represent the most
prevalent methods of reporting fitness testing results to coaches and
players, illustrating a delicate balance between technological use and
interpersonal communication. In addition, information from multiple
tests can be incorporated into a single document, which is convenient
and time-efficient. Nevertheless, verbal feedback remains a critical
component of the testing data reporting process since it represents a
direct communication method that can convey the nuanced insights
and clarifications that a digital displaymay fail to and provide a basis for
discussions about an individual’s progress.

As with data analysis, Microsoft Excel is the most commonly
employed software for the visualization of testing results, followed
by Microsoft Power BI (32%), which offers more advanced
visualization capabilities. Over half (55%) of practitioners
differentiated their data visualization strategies for coaches and
players. This may indicate the tendency to create tailored data
visualization based on the needs of the end audience since the
roles of coaches and players are distinct. When delving deeper into
those differences, it appears that coaches typically receive more
elaborate and in-depth analyses. This increased analysis provides a
broader range of information to better assist coaches in their holistic
decision-making processes around player development and
selection. Conversely, players receive more concise reports
primarily focused on their performance, which is key to
increasing their awareness of focus areas.

Limitations and future research

This survey study, although extensive in scope, is not without its
limitations. Firstly, a survey cannot encompass all the nuances of
fitness testing, and certain components may have been overlooked.
Secondly, no comparative analysis was performed between testing
practices between first team and youth settings, the objective was to
provide an overview of the fitness testing procedures in elite soccer.
Future research should examine the nuanced differences between
these settings. Thirdly, the lack of transparent definition of the terms
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“professional” and “elite”may affect the interpretation of the eligibility
of the participants in the study (McAuley et al., 2022). For example, in
this study, ‘elite’ refers to practitioners working within a professional
soccer club with players older than 17 (i.e., first team or youth).

Given the wide range of tests used by practitioners, there is a need
for ‘ecologically valid’ (i.e., reflecting and respecting the constraints of
the applied elite soccer settings), reliability, and sensitivity studies to
determine the practical utility of these tests and their outcome variables.

FIGURE 5
Most commonly assessed physical capacities and tests.
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This will inform a simplified testing selection by facilitating an
informative and efficient fitness testing process. In addition, future
research should investigate the ‘ideal’ approach for analysing fitness
testing data to advance the current knowledge in interpreting fitness
changes. Last but not least, given the importance of effectively
communicating the results from fitness testing, further information
on the specific preferences of key stakeholders (i.e., players, coaches, and
support staff) in elite soccer should be sought.

Conclusion

This study presents an in-depth overview of the fitness testing
processes in elite male soccer. The infographic in Figure 5 illustrates the
most commonly assessed physical abilities and the most commonly
administered tests to assess them. Scientific literature is the main
influence of test selection, although a pragmatic approach is
adopted, as practical constraints and professional experience play an
important role. Practitioners tested less frequently than they believed
optimal, with time and competitive schedules being the biggest barriers.
Consequently, the beginning of the pre-season is the most common
time to conduct fitness testing, with competitive periods during the
season leaving less time for fitness testing. Therefore, the adoption of
‘hybrid’ fitness testing, whereby standalone testing sessions are
concurrently supplemented with integrated testing within training
sessions, may help overcome this issue. Microsoft Excel is the most
popular software amongst practitioners for testing data analysis and
visualization. A similar number of practitioners use either the
combination of the mean and the best score or the best score in
results analysis, possibly indicating a need for a standardized approach.
Comparing a player’s test performance with previous scores was the
most commonly reportedmethod for interpreting test results. However,
a substantially lower percentage utilizes some form of error
measurement. Digital displays and verbal feedback are the most
commonly used data reporting methods. A tendency towards
tailored visualizations for coaches and players was identified, with
the main difference being that coaches may receive a greater depth
of information than players.
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Effects of bi-hemispheric anodal
transcranial direct current
stimulation on soccer player
performance: a triple-blinded,
controlled, and randomized study
Jader Vinicius Da Silva Rocha1,2*, Rodrigo Freire de Almeida1,
Bárbara Naeme de Lima Cordeiro1,2,
Carlos Henrique Cardoso Sarcinelli1, Carla Zimerer1 and
Fernando Zanela Arêas1,2

1Universidade Federal do Espirito Santo, Vitória, Brazil, 2Department of Physiological Sciences, Federal
University of Espirito Santo, Vitória, Brazil
The search for increased performance and physical performance are linked to the
use of ergogenic resources. The vertical jump is one of the measures commonly
used to evaluate the performance of lower limbs in athletes. Transcranial direct
current stimulation (tDCS) is a non-invasive, safe, economically viable technique
that can modulate cortical excitability, which can influence the increase in the
performance of athletes in general. This study aimed to investigate whether the
use of tDCS on the primary motor cortex (M1) improves the performance of
soccer players. A cross-sectional study was conducted. Twenty-seven players
were randomized into three groups: Active tDCS group (n=9), Sham group
(n=9), and control group (n=9). Stimulation was applied at 2 mA for 15 min
using a cephalic mount. Visual Pain Scale (VAS) and Subjective Recovery Scale
(SRS) were monitored before and after tDCS. In addition, the participants
performed the Countermovement Jump (CMJ) before and after the stimulation
intercalated with Heart Rate (HR) and Rating of Perceived Exertion (RPE CR-10).
No differences were found in any of the performance variables analyzed
(p > 0.05) nor in the responses of HR (p > 0.05), RPE (p > 0.05), VAS (p > 0.05),
and SRS (p > 0.05) between groups. The tDCS in M1 did not change the
performance of the vertical jump, and there was no improvement in the
subjective scales. New studies should also be developed with different stimulus
intensities in different cortical areas and sports modalities.

KEYWORDS

neuromodulation, neurophysiology, electrical stimulation, tDCS, performance, football,

soccer

Introduction

During the competition season, athletes need to seek to improve their performance.

In this sense, training loads (i.e., frequency, duration, and intensity) become high (1).

Therefore, athletes may experience symptoms of fatigue that decrease muscle capacity

for performance (1, 2). Consequently, controlling the training load throughout the season

is essential to evaluate performance and avoid fatigue-related problems, such as non-

functional overreaching (fatigue lasting from weeks to months), injuries, and illnesses (1).
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One of the methods to monitor training load and recovery is

the countermovement jump (CMJ) (1, 3, 4). The CMJ test

assesses neuromuscular function through lower body power,

quantified through jump height (i.e., power). During CMJ, power

can be measured using various tools such as contact mats, force

platforms, infrared platforms, accelerometers, linear position

transducers, and/or video analysis (5, 6). Thus, the participant is

asked to squat quickly for a self-selected downward action,

followed by a reciprocal upward action, jumping as high as

possible (5, 7). The CMJ assessment may indicate a decrease or

increase in performance since the rate of strength development

analyzed is related to muscle strength. Therefore, the greater the

height of the CMJ, the more muscle force is used being an

indication of low muscle fatigue (8).

Exercise induced muscle fatigue involves processes at various

level of the motor pathway, from the brain to the muscle (9).

These processes involve reductions in motor cortex excitability

(10, 11), spinal excitability (12, 13), and in the contractile

capacity of the recruited muscle fibers (14).

Currently, several ergogenic strategies are used to optimize

sports performance. These strategies are beneficial ergogenic

measures for recovery and performance, such as rest, adequate

sleep, hydration, physiotherapeutic resources, nutrition, and

neurostimulation techniques (15, 16). In addition, ergogenic

measures that aim to increase supraspinal excitability can lead to

a more efficient motor command that, ultimately, could increase

the time in which a fixed output could be maintained (for

example: muscle power benefit). This hypothesis is already being

tested in some sports and several studies have shown

improvement in a neuromodulatory technique called transcranial

direct current stimulation (tDCS) (17–20). Neurostimulation

techniques have been proposed to improve athletes cognitive and

psychomotor performance. Among them, non-invasive brain

stimulation, such as transcranial direct current stimulation

(tDCS), is becoming famous for improving sports performance.

The reason is the safety, low-cost, and easy-to-apply technique

(19). The use of tDCS consists of applying two electrodes with a

low-intensity continuous current (1–2 mA) in specific areas of

the brain for a particular time (7–25 min) (21). This stimulation

appears to induce changes in cortical excitability lasting from

minutes to several hours after its use (22).

Among the areas that can be stimulated by tDCS, the primary

motor cortex (M1) stands out as the brain region most related to

sports performance due to its role in driving the exercised

muscles (19). Research has shown that core fatigue can impact

overall exercise performance. In this context, the decrease in

motor neuron excitability and the limited ability of M1 and

other supraspinal areas to maintain or increase the neural

impulse may decrease the muscular capacity to produce force/

power, thus leading to fatigue. It is known a single anodal tDCS

session in M1 can lead to performance enhancement in athletes

in sport-specific motor tasks (17).

However, the literature indicates that results about the effects of

tDCS on jumping performance are controversial. For example,

Lattari et al. (23) observed an increase in the vertical jump

performance of young men with experience in strength training
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from 20 min of tDCS in the primary motor cortex. On the other

hand, Arenas et al. (24), found no significant improvement in

vertical jump performance with 15 min of tDCS in the left

dorsum lateral prefrontal cortex of healthy young non-athletes.

These results may have occurred due to differences in the study

methods, such as voltage, stimulation time, target brain area

stimulated, or studied population.

Also, as indicated in the literature, studies investigating the

effect of tDCS on the performance of soccer players are scarce

and necessary (25, 26). These surveys, primarily carried out

during the competition period, can help coaches and soccer

players control the training and recovery load. In this context,

the present study aimed to evaluate the effect of 15 min of

anodic tDCS at M1 on vertical jump performance in young

soccer players. Based on the available evidence regarding the role

of tDCS on performance in athletes, the hypothesis of this study

is that tDCS will increase vertical jump performance and

improve perceived exertion and recovery compared to sham tDCS.
Methods

Subjects

The sample size was calculated using the G*Power software

(version 3.1) (27–29) based on the prior analysis method. For

analysis, the following commands were used: test family 5 F-tests,

statistical test 5 analysis of variance: MANOVA repeated measures

within-between interaction, error probability α 0.05 and statistical

power of 0.96. Effect size was defined as a moderate effect

size of 0.25, sphericity ϵ = 1. The sample size was determined at

27 individuals. The 27 soccer players of the U20 team

(age: 18 ± 0.77, body mass: 73.8 ± 6.50 kg, height: 178 cm± 8.44 cm,

body fat: 8.7 ± 2.55%, BMI: 23.30 ± 1.9 kg/m2).

Subjects were randomized one of the conditions experimental:

(1) anodic tDCS over the motor cortex, (2) sham tDCS and (3)

control group. The player-specific training schedule consisted of

5–6 weekly sessions, each lasting −90–120 min, and one or two

competitive games per week. The inclusion criteria for

participation contain the application of the Physical Activity

Readiness Questionnaire (PAR-Q+) (30). Players between 18 and

20 years old without injuries and available to play. The exclusion

criteria include any orthopedic injuries and/or mental health

problems (e.g., schizophrenia) and/or brain disorders

(e.g., epilepsy), intracranial implants, and using any psychoactive

medication during the study. Before signing the written

informed consent, the participants were informed about the

procedures and possible risks. The research was approved by

the local Research Ethics Committee (approval number:

40396120.6.1001.5106) under the Declaration of Helsinki.
Study design

Participants made four visits, one preliminary and three

experimental sessions. All experimental sessions were separated by
frontiersin.org
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FIGURE 1

Study flow diagram; RHR, resting heart rate; SRS, subjective recovery scale; RVAS, resting visual analogue scale; CMJ, countermovement jump; RPE,
rating of perceived exertion; HRP, rate heart post CMJ; VASP, visual analogue scale post CMJ.
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24 h. Visits were simultaneously on the experimental days in a

temperature-controlled room (−24°C). Participants were instructed

to keep the same diet except for drinking coffee or energy drinks

during the test week. On the first visit, they were familiarized with

all procedures of all three sessions, which included, respectively, (a)

the assessment of the Subjective Recovery Scale (SRS) and Visual

Analogue Scale (VAS), (b) after 5 min seated the measurement of

Rest Heart Rate (RHR); (c) the warmup which includes 1× with 10 s

of interval of the following exercises: reverse lunge (20 reps), walking

holding the knee unilaterally (20 reps for 3 m), isometric squat (for

15 s) with arms extended in front, low and medium skipping (20

reps). Warmup estimated time (3 min); (d) 3reps of CMJ followed

by the Rating of Perceived Exertion (RPE) scale (CR-10) and the

Rate Heart (HR) assessment; (e) After this, they did the

Intervention, which means the adjustment of the tDCS apparatus

and the stimulus for each group [for the active group (15 min of

stimulus), sham (30 s of stimulus) and control (rest for 15 min, with

no stimulus and without device)]; (f) The SRS, VAS and RHR; (g) 3

reps of CMJ; (h) RPE, and HR assessment. All data included all

participants who completed the four sessions’ experimental

procedures (Figure 1). During the procedures, unique in the CMJ,

all participants were stimulated to do their best. The study design is

a triple-blinded, controlled, and randomized fashion.
FIGURE 2

tDCS position.
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Allocation

Randomization results were generated using a computer-

generated random number sequence by an outsider researcher

who was not involved in allocating or assessing study

participants. Subjects were randomized one of the conditions

experimental: (1) anodic tDCS over the motor cortex, (2) sham

tDCS and (3) control group. A second researcher opened

randomly ordered, consecutively numbered envelopes containing

the results of group allocation after the initial assessment.
Blinding

In the active and sham tDCS conditions, researchers and

participants were blinded by an independent researcher who did

not participate in the other stages of the study. However,

during the controlled condition, it was not possible to maintain

blinding, as this condition did not require the use of equipment.

The choice to carry out a control condition was determined

with the intention of ensuring that at least one intervention

avoided any possible psychological effects (placebo) generated

using the equipment.
frontiersin.org

https://doi.org/10.3389/fspor.2024.1350660
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


Rocha et al. 10.3389/fspor.2024.1350660
Transcranial direct current stimulation
procedures

Consistent with previous research, the study targeted the

primary motor cortex (M1). For the anodal condition (a-tDCS),

the electrodes were positioned to target the M1 bilaterally

points CZ according to the international 10–20 EEG system

(21, 25, 31, 32). Anodal tDCS over M1 facilitates motor

performance and learning (33, 34), most likely by eliciting long-

lasting, polarity-dependent changes in cortex excitability (22, 35).

While the cathodal electrodes were placed on the inion

(Figure 2) (36). Is possible to the tDCS montage influence other

brain areas related to performance, such as parietal cortex or

occipital. A more specific stimulation should be applied to

investigate each area separately (36).

The intensity and duration of tDCS were based on previous

studies (19, 20, 36). tDCS might strengthen synaptic connections

through a mechanism that is like long-term potentiation (LTP), a

cellular mechanism that underlies memory consolidation and

learning (37, 38). The tDCS was administered using a battery-

powered stimulator (Neuroconn, Ilmenau, Germany) through a

pair of rubber electrodes (size: 6 cm × 8 cm, 48 cm2) wrapped in

a sponge soaked in saline liquid (9% NaCl). The electrodes were

fixed to the head by elastic straps. Stimulation intensity was set

at 2 mA for a period of 15 min. In both experimental conditions

(active or sham), the amplitude of the electrical current was

progressively increased and decreased over the first and last 30 s

of the session, and in the sham group, the current was

interrupted after this initial period. Activation of the transcranial

direct current stimulation (tDCS) device occurred using a code

provided by an external researcher, responsible for correcting the

blinding. The automatic shutdown or not of the equipment

(active or sham) was programmed using stimulation codes

(active or sham) kept confidential, using the program in research

mode of the mobile stimulator (DC-Stimulator, Neuroconn

Mobile tDCS). This program provided a list of codes provided

for the allocation of participants in relation to the active or

simulated stimulation condition. Electrical resistance was

maintained between 4 and 6 kΩ. In the control condition,

participants rested quietly for 15 min. A total of 3 consecutive

sessions were performed on different days in the afternoon with

a 24-hour interval between sessions. At the end of each session,

participants were asked to answer a questionnaire to assess

any adverse effects, and no adverse effect was pointed out

except for itching and tingling sensation under the electrodes

during tDCS.
FIGURE 3

Countermovement jump.
Performance assessments

In each experimental session, several measurements were

taken, including HR, VAS, SRS, and RPE, to assess the

physiological and subjective responses. Additionally, the jump

height and power evaluation during the CMJ was conducted at

two specific time points: after the warmup (Pre) and after 15 min

of stimulation/sham/control (Post).
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Heart rate (HR)

Each rest HR measurement was taken before the warmup,

immediately after stimulation, respectively, after five and 15 min

of rest. Also, the HR was taken after the first and second CMJ.

This variable was used to get the participant’s effort measuring

the internal load (1, 39).
Visual analog scale (VAS)

In each experimental session, VASmeasurements were conducted

at two time points: at rest and immediately after the Intervention (to

the active and sham group) or after the rest to the control group.

The VAS is a prevalent instrument for pain measurement (40).
Subjective recovery scale (SRS)

The SRS was taken in 2 moments, in rest condition, immediately

after Intervention (to the active and sham group) or after the rest to

the control group. This variable shows whether the participants

recovered from the previous game and/or session. Furthermore, this

is essential in determining the participant’s physical status and

readiness for the next session (41). This subjective approach may be

practical for assessing recovery daily under similar conditions (42).
Countermovement jump (CMJ)

Before the first CMJ, the participants did the warmup protocol,

Afterward, each group followed their procedures, according to the

Intervention described before, and performed the CMJ again. Each

CMJ was performed with three consecutive jumps, which involved
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three consecutive jumps (adaptation of the Abalakov protocol)

(43). CMJ was performed with the subject standing in a with the

hand on the hips to avoid arm swings. A fast downward

movement was immediately followed by a fast upward vertical

movement as high as possible, all in one sequence (Figure 3). The

jumps were executed on a Jumptest® platform (Hidrofit Ltda,

Brazil) measuring 50 cm × 60 cm, connected to the Multisprint®

software (Hidrofit Ltda, Brazil) (44). The average CMJ data

provided by the software, according to Claudino et al. (45), were

used in the results. The variables assessed were the Jump Height

(CMJ-JH), Power (CMJ-PO). Based on meta-analysis (5), the

average CMJ height is more sensitive than the highest CMJ height

in detecting fatigue and CMJ overcompensation. Furthermore,

other CMJ variables, such as power, average power, peak velocity,

peak force, average impulse and power, were evaluated better at

the average height compared to the maximum height of the CMJ.
o
st
-i
n
te
rv
e
n
ti
o
n
(p
o
st
);
co

n
fi
d
e
n
ce

in
te
rv
al

i

Po
st

da
y
2

5%
)

M
±
SD

C
I(
95

%
)

M

SL
IL

SL
67

68
.4
±
4.
7

57
.4

79
.4

6

72
65
.2
±
2.
8

58
.5

71
.8

6

72
.8

66
.8
±
4.
4

56
.5

77
.2

6

87
.5

73
.4
±
6.
2

59
87
.8

7

86
.1

69
.4
±
3.
8

66
.6

78
.2

7

91
76
.1
±
7.
1

59
.6

92
.5

7

Rating of perceived exertion borg
(RPE-CR-10)

After each CMJ, the participants provided their RPE from 0

(noticeable) to 10 (max), according to Foster et al. (39). Then

they proceeded to their respective groups at the (active/sham or

control). After a 15-minute interval, they performed the CMJ

again, followed by the RPE. The RPE method can estimate

exercise load, including high-intensity interval training, team

sport practice, and competition (39).
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Statistical analysis

The normality assumptions of the data were checked using the

Shapiro-Wilk test. MANOVA test was performed for all variables

using a significance level of p < 0.05. All the assumptions of

MANOVA were checked, such as multivariate normality, absence

of multivariate outliers, absence of multicollinearity, linear

relationship between dependent variables at each level of

independent variables, homogeneity of variance-covariance

matrices, and independent observations. The partial eta-squared

(ηp2) was used as the effect size measure (classified as small: 0.01,

moderate: 0.09, large: 0.25). A two-way ANOVA was used to

generate statistical interaction (time × groups) and repeated

one-way ANOVA was used to test between and within-group

differences throughout the protocol variables, which is included

the anthropometric measurement differences determination. The

Tukey test was used as a post hoc analysis for the MANOVA

procedures and Bonferroni to the ANOVA procedures.

The analyses used the Statistical Package for the Social Sciences

(SPSS) version 21. GraphPad Prism software version 8.0

(GraphPad Software, Inc., San Diego, CA, USA) generated graphs.
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Results

The results of the Rest Heart Rate (RHR) are described in

Table 1. The MANOVA results [Wilks’ Lambda (W ) = 0.446,
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TABLE 2 VAS, visual analog scale; RVAS, rest visual analog scale; PVAS, post-intervention visual analog scale; CI 95%, confidence interval in 95%; M,
mean; SD, standard deviation; IL, inferior limit; SL, superior limit.

VAS GROUP DAY 1 DAY 2 DAY 3

M ± SD CI (95%) M ± SD CI (95%) M ± SD CI (95%)

IL SL IL SL IL SL
RVAS INT 1.6 ± 0.8 −0.37 3.7 1.7 ± 0.8 −0.1 3.7 2.1 ± 0.6 0.7 3.5

SHAM 2.1 ± 0.6 0.6 3.6 4.6 ± 1 2.3 7 4 ± 0.3 3.2 4.7

CON 3 ± 0.7 1.1 4.8 3 ± 0.7 1.2 4.8 3.2 ± 0.7 1.5 4.9

PVAS INT 1.7 ± 0.8 −0.1 3.7 1.8 ± 0.5 0.5 3.2 2.7 ± 0.5 1.4 4.1

SHAM 1.4 ± 0.5 0.2 2.6 3.7 ± 1.1 1.3 6.1 1.4 ± 0.4 2.3 4.5

CON 1.8 ± 0.7 0.1 3.5 2.6 ± 0.7 0.8 4.4 2.6 ± 0.6 1.3 4.1
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F (2.24) = 0.537, p = 0.934, effect size (ηp2) = 0.331] did not detect

differences between groups for RHR before the first CMJ. The

absence of difference persists at the univariate ANOVA in all

three days within the groups, respectively RHR day 1 (RHRD1)

[F (2.24) = 0.074, p = 0.929, ηp2 = 0.006], RHRD2 [F (2.24) =

0.295, p = 0.747, ηp2 = 0.024], and RHRD3 [F (2.24) = 0.230, p =

0.796, ηp2 = 0.019].

The MANOVA test did not detect differences between

groups for the RHR after 15 min of Intervention between all

groups [W = 0.446, F (2.24) = 0.537, p = 0.934, ηp2 = 0.331]. For

this variable, in this moment, univariate ANOVA results

for RHR post-day 1 (RHRP1) [F (2.24) = 0.103, p = 0.903,

ηp2 = 0.008], RHRP2 [F (2.24) = 0.152, p = 0.860, ηp2 = 0.012] and

RHRP3 [F (2.24) = 0.131, p = 0.878, ηp2 = 0.011].

Differences were not detected for the HR after the first CMJ

(HR-CMJ) according to MANOVA [W = 0.446, F (2.24) = 0.537,

p = 0.934, ηp2 = 0.331]. The results of the univariate ANOVA also

did not show significant differences according to the following

results of HR-CMJ Day 1 (HR-CMJD1) [F (2.24) = 0.020,
FIGURE 4

Subjective recovery scale (SRS-10); experimental session—day 1 (D1); e
pre-intervention (pre); post-intervention (post).
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p = 0.980, ηp2 = 0.002], HR-CMJD2 [F (2.24) = 0.040, p = 0.960,

ηp2 = 0.003], HR-CMJD3 [F (2.24) = 0.108, p = 0.898, ηp2 = 0.009].

For the HR assessed after the Intervention (HR-CMJI), the

MANOVA [W = 0.446, F (2.24) = 0.537, p = 0.934, ηp2 = 0.331] did

not detect differences between groups. For the same variable

and moment, univariate ANOVA was conducted, HR-CMJI Day 1

(HR-CMJID1) [F (2.24) = 0.266, p = 0.769, ηp2 = 0.022],

HR-CMJID2 [F (2.24) = 0.323, p = 0.727, ηp2 = 0.026], HR-CMJID3

[F (2.24) = 0.027, p = 0.973, ηp2 = 0.002], no difference was detected.

The Visual Analogic Scale (VAS) results are described in Table 2.

The MANOVA [W = 0.027, F (2.24) = 1.991, p = 0.084, ηp2 = 0.837]

did not detect any differences between the groups. As well as the

univariate ANOVA at rest on Day 1 (RVASD1) [F (2.24) = 0.749,

p =, ηp2 = 0.059]; RVASD2 [F (2.24) = 2.648, p = 0.091,

ηp2 = 0.181]; and RVASD3 (RVAS-day 3) [F (2.24) = 2.615,

p = 0.094, ηp2 = 0.179]. The same situation occurred after the

Intervention (PVAS), as seen on Day 1 (PVASD1) [F (2.24) = 0.106,

p = 0.900, ηp22 = 0.009]; Day 2 PVASD2 [F (2.24) = 1.329, p = 0.283,

ηp2 = 0.100]; and PVASD3 [F (2.24) = 0.564, p = 0.576, ηp2 = 0.045].
xperimental session—day 2 (D2); experimental session—day 3 (D3);

frontiersin.org

https://doi.org/10.3389/fspor.2024.1350660
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/


Rocha et al. 10.3389/fspor.2024.1350660
For the Subjective Recovery Scale (SRS), the MANOVA

results showed no differences [W = 0.027, F (2.24) = 1.991,

p = 0.084, ηp2 = 0.837], as well as the univariate ANOVA in the

pre-day 1 (SRSPreD1) [F (2.24) = 0.035, p = 0.965, ηp2 = 0.003],

SRSPreD2 [F (2.24) = 0.000, p = 1.000, ηp2 = 0.000], SRSPreD3

[F (2.24) = 2.452, p = 0.107, ηp2 = 0.170], and SRS post-day 1

(SRSPostD1) [F (2.24) = 0.304, p = 0.740, ηp2 = 0.025],

SRSPostD2 [F (2.24) = 0.041, p = 0.960, ηp2 = 0.003], and

SRSPostD3 [F (2.24) = 1.532, p = 0.237, ηp2 = 0.113] the

similarity was maintained (Figure 4).

The one-way ANOVA did not detect variation between

all groups at the anthropometric variables. Respectively to

the Weight, Height, BMI, and Fat Percentual, the statistical

procedure shows the following results [F (2.24) = 2.640; p = 0.092];

[F (2.24) = 1.187; p = 0.322]; [F (2.24) = 1.156; p = 0.332] and

[F (2.24) = 3.132; p = 0.062].

Thus, for the performance variables, the Jump Height

(CMJ-JH) was submitted by the MANOVA test. The result

did not detect any significance [W = 0.862, F (2.24) = 0.244,

p = 0.994, ηp2 = 0.071]. Additionally, the one-way ANOVA

procedures did not reveal any differences at any time, which

was confirmed by the post hoc analysis (Figure 5). As seen in

the moments Pre Day 1 (CMJ-JHPreD1) [F (2.24) = 0.051,

p = 0.950, ηp2 = 0.004], Post Day 1 (CMJ-JHPostD1) [F (2.24)

= 0.155, p = 0.857, ηp2 = 0.013], CMJ-JHPreD2 [F (2.24) =

0.161, p = 0.852, ηp2 = 0.013], CMJ-JHPostD2 [F (2.24) = 0.294,

p = 0.748, ηp2 = 0.024], CMJ-JHPreD3 [F (2.24) = 0.124, p = 0.884,

ηp2 = 0.010], and CMJ-JHPostD3 [F (2.24) = 0.358, p = 0.703, ηp2

= 0.029]. The Table 3 contains results in interactions (time ×

groups) and time (groups throughout the protocol) according to

study variables. The Table 4 contains individual pre and post
FIGURE 5

Height (cm); D1; experimental session—day 1 (D1); experimental session—da
intervention (post).
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changes in vertical jump height between groups (Intervention/

Sham/Control).

For the Vertical Jump Power (CMJ-PO), the MANOVA

results did not detect any differences [W = 0.629, F (2.24) = 0.827,

p = 0.623, ηp2 = 0.207] according to Figure 6. When examining

the data in the univariate ANOVA, no differences were

observed. These moments are as follows: CMJ-PO Pre Day 1

(CMJ-POPreD1) [F (2.24) = 0.435, p = 0.652, ηp2 = 0.035],

CMJ-PO Post Day 1 (CMJ-POPostD1) [F (2.24) = 0.407, p = 0.670,

ηp2 = 0.033], CMJ-POPreD2 [F (2.24) = 0.726, p = 0.494, ηp2 = 0.057],

CMJ-POPostD2 [F (2.24) = 0.310, p = 0.736, ηp2 = 0.025],

CMJ-POPreD3 [F (2.24) = 0.285, p = 0.754, ηp2 = 0.023], and

CMJ-POPostD3 [F (2.24) = 1.627, p = 0.217, ηp2 = 0.119].

The MANOVA did not detect any differences in Rating

of Perceived Exertion (RPE) throughout the protocol

[Wilks’ Lambda = 0.027, F (2.24) = 1.991, p = 0.084, ηp2 = 0.837]

(Figure 7). When examining the data in a univariate manner

(univariate ANOVA), no differences were observed. These

moments are as follows: moment Pre Day 1 (RPEPreD1)

[F (2.24) = 0.225, p = 0.801, ηp2 = 0.018], Post Day 1 (RPEPostD1)

[F (2.24) = 0.695, p = 0.509, ηp2 = 0.055], RPEPreD2 [F (2.24) =

0.626, p = 0.543, ηp2 = 0.050], and at RPEPostD2 [F (2.24) = 1.109,

p = 0.346, ηp2 = 0.085], RPEPreD3 [F (2.24) = 0.960, p = 0.397,

ηp2 = 0.074], and RPEPostD3 [F (2.24) = 0.304, p = 0.740, ηp2 =

0.025], the similarity was maintained.
Discussion

The present study investigated the effect of transcranial

direct current stimulation on CMJ in soccer players. Some
y 2 (D2); experimental session—day 3 (D3); pre-intervention (pre); post-
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TABLE 3 Results in interactions (time × groups) and time (groups
throughout the protocol) according to study variables.

Interaction Time

F [df] p-value ηp2 F [df] p-value ηp2

RHR (Bpm)
Active 3.402 (1–16)a 0.084a 0.175a 1.639 (5–40) 0.172 0.170

Sham 0.362 (1–16)b 0.556b 0.022b 1.470 (5–40) 0.247 0.155

Control 2.093 (1–16)c 0.167c 0.116c 0.815 (5–40) 0.546 0.092

HR (Bpm)
Active 0.009 (1–16)a 0.924a 0.001a 0.295 (5–40) 0.913 0.036

Sham 0.001 (1–16)b 0.976b 0.000b 0.686 (5–40) 0.522 0.079

Control 0.018 (1–16)c 0.894c 0.001c 0.579 (5–40) 0.716 0.067

VAS (VAS-10)
Active 0.778 (1–16)a 0.391a 0.046a 0.423 (5–40) 0.830 0.050

Sham 3.879 (1–16)b 0.066b 0.195b 4.137 (5–40) 0.033 0.341

Control 0.009 (1–16)c 0.924c 0.001c 0.862 (5–40) 0.451 0.97

SRS (SRS-10)
Active 4.445 (1–16)a 0.051a 0.217a 3.067 (5–40) 0.066 0.277

Sham 0.000 (1–16)b 1.000b 0.000b 2.709 (5–40) 0.093 0.253

Control 0.778 (1–16)c 0.391c 0.395c 2.782 (5–40) 0.735 0.510

HCMJ (cm)
Active 0.102 (1–16)a 0.753a 0.006a 1.173 (5–40) 0.339 0.128

Sham 0.678 (1–16)b 0.422b 0.041b 1.009 (5–40) 0.395 0.112

Control 0.310 (1–16)c 0.585c 0.019c 2.685 (5–40) 0.076 0.251

PCMJ (W)
Active 0.157 (1–16)a 0.698a 0.010a 1.515 (5–40) 0.207 0.159

Sham 0.123 (1–16)b 0.730b 0.008b 0.585 (5–40) 0.712 0.068

Control 0.010 (1–16)c 0.920c 0.001c 1.231 (5–40) 0.312 0.133

RPE (CR-10)
Active 0.061 (1–16)a 0.809a 0.004a 0.432 (5–40) 0.823 0.051

Sham 0.119 (1–16)b 0.734b 0.007b 1.105 (5–40) 0.373 0.121

Control 0.729 (1–16)c 0.406c 0.044c 1.205 (5–40) 0.325 0.131

SRS, subjective recovery scale from 0 to 10; VAS, visual analogic scale from 0 to 10;

RHR, rest heart rate; HR, heart rate; RPE (CR-10), rating of perceived exertion from

0 to 10; PCMJ (W), vertical jump power in watts; HCMJ (cm), vertical jump height in

centimetres; F, Fisher’s F; df, degree of freedom; ηp2, partial eta squared.
aInteraction between Active and Sham group.
bInteraction between Active and Control group.
cInteractions between Sham and Control group.

*Statistical difference.

p-value, p < 0.05.
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studies show that the tDCS technique can influence physical/

sports performance (17, 26). However, according to the results

presented related to the tDCS montage contrary to our

hypothesis, tDCS did not influence performance on the CMJ

and perception of effort and recovery. These results are in line

with previous studies that did not report significant

improvements in performance (46, 47). However, other studies

showed positive effects of tDCS on performance (48, 49).

The tDCS has been considered a technique influencing

different physical/sports performance aspects. However, studies

conducted with athletes involving specific tasks are scarce, and

the heterogeneity of the adopted protocols does not allow for any

conclusions about its ergogenic effects (19).

In terms of performance variables, several ergogenic measures

aimed at optimizing physical performance, attenuating fatigue

mechanisms, and facilitating post-physical exertion recovery have

been widely studied (50–52). For example, caffeine (53) has
Frontiers in Sports and Active Living 0883
shown improvements in vertical jump performance in soccer

players, while in another study (54), caffeine ingestion was found

to improve tactical performance in soccer athletes. As for tDCS

used as an ergogenic measure to improve performance, Lattari

et al. (23) demonstrated that anodal tDCS (2 mA for 20 min,

with the anode positioned over the Cz point and the cathode

over the right supraorbital area) led to improved jump

performance in individuals considered advanced in strength

training. However, unlike the individuals Lattari et al. (23)

investigated, the individuals included in the present study are

frequently exposed to CMJ as part of training load control.

Therefore, they are likely better trained in the task, presenting a

lower potential for improvement.

Regarding the subjective variables, a study by Moreira et al. (26)

demonstrated improvement in the Well-Being Questionnaire of

soccer players after 20 min of tDCS was applied in the Left

Dorsolateral Prefrontal Cortex (DLPC) on the day following an

official match. In another study by Valenzuela et al. (32) with

swimmers, an improvement in the RPE was observed. In contrast to

the present study’s hypothesis, anodic tDCS applied to the M1 did

not influence the responses of subjective scales in soccer players. It is

worth noting that the stimulated area in the cited articles differs

from the present study. Although it is not clear how the DLPFC and

M1 are connected, a recent study reported that their excitabilities are

linked (55). These findings agree with previous studies that also

failed to show a reduction in RPE or an increase in performance

after the application of tDCS over (20, 56).

Subjective assessments are recommended to monitor the

psychometric recovery status of football players to detect early

signs of fatigue and optimize high-level training performance

(57). The decrease in these measurements are used to express the

lesser subjective state of fatigue, effort and recovery of a player or

team during training or competition. Improvements in these

scores are significant predictors of performance in football

athletes (58, 59). Likewise, insufficient recovery, poor quality of

sleep from the previous night and increased levels of stress,

fatigue (60, 61) during training can negatively impact athletic

performance (62, 63). Thus, monitoring these psychometric

measures (i.e., through subjective scales) in football players can

assist coaches in programming and appropriately adapting

training loads in order to maximize performance and reduce the

risk of injuries, overtraining and overreaching functional (64–66).

Machado et al. (19) demonstrated that this topic still has

limitations, mainly related to the type of montage, stimulation

duration, the task performed, and athlete’s level.

According to the established montage, performance was

sometimes even better for the SHAM group. Therefore, the

proposed montage in this study (CZ + Inion) did not seem to be

effective for this Intervention, unlike classic montages such as the

motor cortex and LDPC (M1 + Fp2) (67) or only the M1

(C3, and C4) (68), among other montages presented by Alix-

Fages (20) and Machado (19).

However, this study was conducted in only three sessions,

representing acute effects. Therefore, conducting further studies

with this montage in a more prolonged intervention approach

(chronic effect) would be interesting.
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TABLE 4 Individual outcomes: CMJ, countermovement jump; Int, intervention; Pre, pre-intervention; Post, post-intervention; GM, group media; SD,
standard deviation.

Group Pré day 1 Post day 1 Pré day 2 Post day 2 Pré day 3 Post day 3 SD

INT CMJ height (CM) CMJ height (CM) CMJ height (CM) CMJ height (CM) CMJ height (CM) CMJ height (CM)
1 35.43 31.00 34.67 33.27 27.60 31.23 2.62

2 30.10 30.67 30.10 30.67 32.60 25.13 2.28

3 38.27 30.93 38.27 30.93 37.50 33.03 3.27

4 37.93 35.17 31.87 33.00 35.93 37.43 2.20

5 26.63 24.50 29.63 28.67 29.90 26.00 1.99

6 14.63 22.50 24.67 26.17 25.93 25.23 4.01

7 21.47 21.97 23.50 21.30 22.48 21.63 0.75

8 27.00 26.67 25.57 28.07 30.40 26.27 1.57

9 30.90 27.90 30.52 22.50 30.13 25.70 3.02

GM 28.93 27.93 29.78 29.01 30.29 28.25

SD 8.29 4.73 5.12 3.95 5.02 5.18

SHAM
1 31.87 27.87 30.43 26.47 27.83 28.23 1.81

2 29.30 26.33 28.00 24.73 31.23 30.63 2.30

3 28.97 23.90 35.77 27.47 25.43 28.33 3.75

4 30.63 27.73 27.90 27.87 29.27 27.80 1.08

5 39.93 36.20 38.70 36.87 39.32 36.53 1.45

6 41.07 39.47 38.40 36.83 38.70 35.73 1.73

7 27.10 27.20 27.03 26.60 31.97 28.23 1.83

8 24.30 24.56 29.90 24.56 20.60 24.57 2.71

9 18.80 29.27 24.84 27.93 30.87 26.60 3.89

GM 30.22 29.17 31.22 28.81 30.58 29.63

SD 7.00 5.25 5.12 4.71 5.92 4.03

CON
1 31.20 27.50 29.53 21.73 26.63 27.43 2.93

2 30.43 24.40 26.50 22.87 26.50 22.87 2.63

3 25.70 30.97 26.70 24.57 23.57 24.90 2.39

4 39.43 37.77 39.83 40.40 40.50 41.00 1.05

5 37.83 37.63 39.97 34.83 36.23 34.33 1.92

6 26.73 22.57 30.13 26.43 27.17 26.40 2.20

7 34.67 32.66 36.64 33.89 34.63 33.91 1.20

8 35.30 31.70 33.17 31.70 34.23 31.70 1.41

9 16.27 12.37 15.07 14.50 24.30 19.23 3.88

GM 30.84 28.62 30.84 27.88 30.42 29.09

SD 7.19 8.03 7.83 7.99 6.05 6.73
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Nevertheless, this is the first study to evaluate the CMJ

performance in soccer players throughout the competition period

in soccer players. It also is the first study with this tDCS

montage in the sports literature. Therefore, this article opens new

possibilities for studying the essential effects of various ergogenic

measures related to tDCS or other techniques, such as

transcranial magnetic stimulation (TMS), as well as different

montage configurations and performance variables in soccer or

other specificities.
Conclusion

The results the present study showed that transcranial

direct current stimulation (tDCS) in the CZ area at the M1

cortex for 15 min, in three sessions, did not improve vertical

jump in the CMJ performance and did not improve the results at

the subjective scales in soccer players. Future research should

explore the effects of tDCS on the performance of professional
Frontiers in Sports and Active Living 0984
football athletes. Furthermore, different tDCS configurations such

as intensity, sessions, areas (e.i) should be explored in order to

find optimal tDCS protocols to improve performance in different

physical conditions. The application of tDCS in the setting of

this study is not recommended to increase vertical jump

performance or reduce perceived exertion and recovery.
Limitations

There are limitations in the present study besides the prolonged

stimulation mentioned above. First, this study should have

included measurements to explain the neurophysiological effects

of tDCS. Future studies should employ measures to assess

neurophysiological effects, such as electromyography and

electroencephalography, among others, at the target muscle areas.

Additionally, the players were not separated by position, which

may result in differences in CMJ performance, as specific
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FIGURE 6

Power (W); experimental session—day 1 (D1); experimental session—day 2 (D2); experimental session—day 3 (D3); pre-intervention (pre); post-
intervention (post).

FIGURE 7

RPE, rating of perceived exertion; experimental session—day 1 (D1); experimental session—day 2 (D2); experimental session—day 3 (D3); pre-
intervention (pre); post-intervention (post).
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position-specific requirements may involve more jumping, such as

goalkeepers or defenders.
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A comparative study of 8-week
complex training and resistance
training on athletic performance
of amateur futsal players
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1Physical Education Department, Nanjing University of Aeronautics and Astronautics, Nanjing, China,
2College of Physical Education, Shandong Normal University, Jinan, China

Background:Despite the acknowledged importance of resistance training (RT) in
enhancing physical performance in futsal players., the comparative effectiveness
of RT and complex training (CT) on both physical and technical performance in
futsal players remains underexplored. This study aimed to compare the effects of
RT vs. CT on physical and technical performance in amateur futsal players.

Method: Players from two amateur futsal teamswere assigned to RT (one teamof
16 players; 18 years) and CT (one team of 16 players; 18 years) to perform an 8-
week intervention with two weekly sessions. The RT performed the squat and
deadlift (6 sets of 6–10 repetitions at 75%–85% one-repetition maximum (1RM),
while the CT performed the squat + squat jump and deadlift + high pull (3 sets of
4–6 + 10–12 repetitions at 75%–85% 1RM). Pre- and post-intervention
assessments included the Futsal Special Performance Test (FSPT), repeated
sprint ability (RSA), sprint decrement (Sdec), sprint times at 10-m (T10),
10–20-m (T10-20), and 20-m (T20), 1RM back squat (1RM BS), isometric mid-
thigh pull (IMTP), and countermovement jump (CMJ).

Results: At baseline, no significant differences between groups were observed for
any variable analyzed (p > 0.05). After 8 weeks, there were significant differences
between CT vs. RT on FSPT (−10.8% vs. −3.4%; p < 0.05), T10 (−5.2% vs. −0.1%; p <
0.05), IMTP (7.8% vs. 5.1%; p < 0.05), and CMJ (10.2% vs. 4.5%; p < 0.05). On the
other hand, no significant differences between CT vs. RT were observed for RSA
(−2.0% vs. −1.2%; p > 0.05), Sdec (−7.6% vs. −3.5%; p > 0.05), T10-20 (−0.9%
vs. −0.9%; p > 0.05), T20 (−1.8% vs. −1.7%; p > 0.05), and 1RM BS (5.7% vs. 4.5%; p >
0.05) after the training program. Both groups significantly improved FSPT, T20,
1RM BS, and IMTP, while only CT significantly improved RSA, Sdec, T10, and CMJ.

Conclusion: The results suggest that CT may be valuable for improving specific
performance parameters in amateur futsal players, with some advantages over RT
in enhancing strength and power. These findings support tailored training
protocols for futsal players to optimize performance.
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1 Introduction

Futsal is a multiple-sprint sport, with high-intensity movements
dominating the majority of the game (Barbero-Alvarez et al., 2008;
Dogramaci et al., 2011). The movement patterns and physical
demands of futsal have been extensively studied. Studies have
revealed that elite players perform approximately 400–500 high-
intensity movements during a futsal match, primarily short
accelerations, decelerations, sprints, and directional changes
(Barbero-Alvarez et al., 2008; Makaje et al., 2012). These
movements occur at regular intervals, typically every 7–9 s
(Dogramaci et al., 2011). In a futsal match, sprint distances
typically account for 5%–10% of the total distance, indicating the
high physical demands of this challenging team sport (Barbero-
Alvarez et al., 2008; Castagna et al., 2009; De Oliveira Bueno et al.,
2014). However, A comparative analysis between elite and subelite
players reveals significant differences in performance metrics. Elite
futsal players demonstrated a higher number of sprints, longer
sprinting durations, and covered more distance per sprint
compared to subelite players (Dogramaci et al., 2011). In
addition, a study involving elite futsal players found that the
distance covered per minute, number of sprints, decelerations,
and metabolic power are crucial physical factors that can
differentiate the top elite futsal players (Ribeiro et al., 2020).
These features can differentiate players at different levels and can
be crucial physical qualities for achieving top performance in the
game. Among these features, the capacity of players to consistently
repeat high-intensity running without fatigue is a key determinant of
successful performance in futsal (De Oliveira Bueno et al., 2014).
Hence, emphasis should be placed on developing this particular
capability (repeated-sprint ability, RSA) in training sessions.

Sports science and coaching have proposed various training
methodologies (futsal injury prevention programs, visual feedback,
high-intensity interval training and resistance training (RT)) to
optimize the physical preparation of futsal athletes
(Bayrakdaroğlu et al., 2022; Marques et al., 2022; Saryono et al.,
2022; Gómez et al., 2023). RT is a typical training approach to
enhance the maximal strength and power in athletes (Marques et al.,
2019; Marques et al., 2022), ultimately aiming to improve RSA.
However, RSA is a complex quality related to several factors,
including anthropometry, endurance capacity (e.g., VO2max and
speed to reach VO2max), and neuromuscular performance (e.g.,
vertical jump, sprinting speed, and muscle strength) (Bishop
et al., 2003; Brocherie et al., 2014; Buchheit and Mendez-
Villanueva, 2014). Over the past decade, scientific research
examining the impact of various RT programs on RSA has
intensified, with several studies highlighting RT’s potential to
enhance RSA (Edge et al., 2006; Paz-Franco et al., 2017a; Ramos-
Campo et al., 2018; Torres-Torrelo et al., 2018). Despite these
positive findings, further investigations reveal that RT, when
applied as the sole training modality, may not uniformly improve
all aspects of RSA in sports such as futsal and handball, particularly
concerning average peak power or mean sprint time (RSAmean)
(Hermassi et al., 2017; Torres-Torrelo et al., 2018). The effectiveness
of RT in augmenting RSA, specifically RSAmean, appears to have its
limitations. For example, Torres-Torrelo et al. (2018) demonstrated
that while strength improvements (1RM) can enhance RSA, the
benefits diminish with an increase in the number of sprints,

suggesting that as the sprinting demand becomes more
endurance-oriented, the aerobic system’s contribution might play
a more significant role (Torres-Torrelo et al., 2018).

Complex training (CT) combines high-load RT and plyometric
training within a single session. Recent studies have highlighted the
efficacy of CT in improving sprint performance, jump height, and
back squat 1RM in various sports (Qiao et al., 2022; Scott et al.,
2023). It is thought that CT’s unique mix of heavy load resistance
exercises followed by plyometric or speed exercises in the same
session uses the post-activation potentiation (PAP) effect to improve
sprint performance, while RSA was highly dependent on the sprint
ability. Despite these promising findings, the application and impact
of CT on RSA, specifically within the context of amateur futsal
players, have not been thoroughly investigated.

Thus, this study aimed to compare the effects of CT vs. RT on
physical and technical performance in amateur futsal players. It was
hypothesized that both training interventions would improve
physical and technical performance in amateur futsal players,
with greater improvements observed after CT.

2 Materials and methods

2.1 Subjects

Aminimum sample size of 24 participants was determined using
GPower (version 3.1.9.7, Franz Faul, University of Kiel, Kiel,
Germany), based on an alpha error probability (α) of 0.05, a
power (1-β error probability) of 0.8, an effect size (ES) of 0.4,
and including tests such as F-test and analysis of variance
(ANOVA) for repeated measures and within-between
interactions (Beck, 2013). For the study, 32 players from two
amateur futsal teams within Jiangsu Province, China, were
recruited, with a 20% anticipated dropout rate factored in to
ensure an adequate sample size that compensates for potential
participant attrition, aligning with the sample size requirements
previously calculated. The recruitment phase spanned from August
1 to 1 September 2022, targeting individuals from collegiate
backgrounds actively participating in regional competitions from
March to August annually. The observational phase of the study was
scheduled off-season, from October 1 to December 1, to preclude
interference from official competitive engagements. This period of
inactivity facilitated an undisturbed examination of the participants,
who were stationed in Nanjing, Jiangsu Province, during the study
duration. A detailed explanation was provided to the participants
regarding the aims, benefits, and risks associated with the
investigation. Participants were informed that their participation
in this study would not affect their employment status. The study
protocol complied with the Declaration of Helsinki and was
approved by the Ethics Committee of Shandong Normal
University (2023036).

2.2 Experimental design

This study employed a non-randomized control trial to examine
the comparative effects of two distinct training modalities.
Participants were allocated into two groups based on team
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affiliation: the Resistance Training (RT) group (n = 16, age 18.93 ±
0.88 years) and the Complex Training (CT) group (n = 16, age 18.80 ±
0.68 years) (Table 1; Figure 1). An 8-week technical training regimen
was systematically applied across all experimental protocols to ensure
consistent progression and enable direct comparison between the CT
and RT cohorts. Training sessions for both groups were scheduled
concurrently on Mondays and Thursdays from 8:00 to 9:30 p.m.
Evaluations to assess the impact of the interventions on futsal-related
performance were conducted 1 week prior to and within 1 week
following the conclusion of the training period. The testing
conditions, including sequence, personnel, and location, remained
uniform throughout the study. Pre- and post-intervention
assessments included the Futsal Special Performance Test (FSPT),
RSA, sprint decrement (Sdec), sprint times at 10-m (T10), 10–20-m
(T10-20), and 20-m (T20), 1RM back squat (1RM BS), isometric mid-
thigh pull (IMTP), and countermovement jump (CMJ).

2.3 Training programs

The characteristics of the CT and RT programs are detailed in
Table 2, highlighting the progression and exercises used. To
accommodate variations in participants’ physical condition, a
flexible range of repetitions was set for each exercise, aiming for
a consistent workload across participants. In the CT protocol,
participants performed an RT exercise (Squat or Deadlift, four to
six reps) followed by a plyometric exercise (Squat Jump or High pull,
10–12 reps) within each pair, with a 4-min rest between exercises
and pairs.

The RT group underwent an 8-week RT intervention, following
the same schedule. Each session involved six sets of one RT exercise
(Squat or Deadlift), with 6–10 reps per set and a 4-min rest between
sets. Every 4 weeks, the 1RM for each exercise was assessed to adjust
training intensity, based on Tomchuk (2010). If regular training

TABLE 1 The descriptive characteristics of the participants.

Age (years) Height (cm) Weight (kg) Training experience (years)

RT (n = 16) 18.93 ± 0.88 177.20 ± 4.49 68.53 ± 4.00 5.60 ± 0.83

CT (n = 16) 18.80 ± 0.68 177.80 ± 3.30 66.93 ± 3.99 5.80 ± 0.86

FIGURE 1
Flow chart of the progress through the phases of the study according to the CONSORT statements.
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sessions were missed, make-up sessions were scheduled for Saturday
from 8:00 to 10:00 a.m.

Both groups began each session with a standardized 8–15 min
warm-up, including low-intensity running, coordination exercises,
dynamic movements, sprints, and dynamic lower-limb stretching. A
standard 8–15 min cooldown, consisting of static stretching,
concluded each session. Researchers specialized in strength
training, conditioning, and physical fitness oversaw the
development and monitoring of all training protocols.

2.3.1 Futsal special performance test (FSPT)
The performance and skills of futsal players were assessed

through nine steps, including running with the ball, dribbling,
turning, long and short passes, catching passes, performing wall
passes, and fast running without the ball. The time of each step was
measured, and the total time was calculated(s). After warm-up,
participant was located behind the purple cone. In steps 1 and 2,
participant runs with the ball and dribbles. Afterward, the
participant turns to cone I, sends a long pass, and goes near cone
J (step 3). After repetition, steps 4 and 5 include receiving and
sending short pass, and participant rotates and dribbles; then, he

performs a wall pass and shoots the ball to the goal. Finally, in step 9,
the participant receives long pass and shoots to the goal, and
subsequently goes to the final cone (Figure 2). Time was
calculated by two referees, and average of their records was
considered as total time. The penalty time was also recorded
during the test, and performance time is obtained by adding
penalty time to the total time. The test is carried out following
the recommendations of Farhani et al. (Farhani et al., 2019). The
interval between each trial was 1 min, and the best result of three
times was taken for subsequent analysis. The ICC for this
test was 0.88.

2.3.2 RSA test
The test involved nine 20-m sprints with 25 s of active recovery

between each repetition (jogging back to start within 20 s) to allow
for 4–5 s of passive recovery (Torres-Torrelo et al., 2017). The times
of the nine sprints taken by the athletes were recorded using the
Polifemo Radio Light photocells from Microgate in Bolzano, Italy.
The athletes started each sprint 1 m behind the timing lights and
were verbally encouraged to run as fast as possible, and the
RSAmean was calculated. Before the RSA, players performed a

TABLE 2 Resistance training and plyometric training program.

Training
content

Intensity Sets*
repetitions

Rest
(min)

The first stage
(1–2weeks)

The second stage
(3–4 weeks)

The third stage
(5–8 weeks)

CT The No.1 session of
every week

Squat + Squat
Jump

75%1RM + ME 80%1RM + ME 85%1RM + ME 3* (4–6 + 10–12) 4

No.2 session every
week

Deadlift + High
pull

75%1RM+50%1RM 80%1RM+50%1RM 85%1RM+50%1RM 3* (4–6 + 10–12) 4

RT The No.1 session of
every week

Squat 75%1RM 80%1RM 85%1RM 6* (6–10) 4

No.2 session every
week

Deadlift 75%1RM 80%1RM 85%1RM 6* (6–10) 4

Note: CT, complex training; RT, resistance training; 1RM, 1-repetition maximum; ME, maximal effort.

FIGURE 2
Schematic representation of Futsal Special Performance Test.
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standardized warm-up consisting of a 5-min low-intensity run, three
sets of 20-m progressive accelerations, and a maximum 10-m sprint
with a 3-min break in between. The ICC was 0.87.

2.3.3 10-m and 20-m sprint test
Sprint times were recorded for a distance of 20 m on an indoor

running track (Buchheit and Mendez-Villanueva, 2014). Each
participant completed two 20-m sprints with a 3-min break in
between. Photocell timing gates from Polifemo Radio Light
(Microgate, Bolzano, Italy) were placed at 0, 10, and 20 m to
determine the time spent for 0–10 m (T10), 0–20 m (T20), and
10–20 m (T10-20). Participants adopted a standing start with the
lead-off foot placed 1 m behind the first timing gate and gave their
fullest effort to sprint. The best time for each interval (best T10, T20,
and T10-20 of both trials) was retained for analysis. The warm-up
included sets of 30-m sprints with a gradual acceleration. The intra-
class correlation coefficients (ICC) were 0.91 for T10, 0.93 for
T20 and 0.86 for T10–20.

2.3.4 One-repetition maximum back squat
According to the protocol proposed by Tomchuk (2010) (Paz-

Franco et al., 2017a), the back squat (BS) exercise was used to
determine the maximal leg strength of each individual by a squat
rack (Good Family, Shenzhen, China) To determine the maximum
weight a participant can lift throughout the full range of motion
(90° knee flexion), they first performed five to six repetitions with a
relatively low weight (~40% of their last 1RM test), followed by
three to four repetitions with a larger weight (~70% of their
estimated 1RM). A single repetition was then performed with a
load equivalent to 95% of the estimated 1RM. Afterward, the
participant attempted a single repetition with the perceived
1RM load. When participants lifted the weight with the correct
technique, they performed another attempt with an increase of
1.0–2.5 kg in weight. Failure was defined as a lift that did not reach
the full range of motion on at least two trials with a 2-min break
between trials. The test-retest reliability coefficient (ICC) for this
test was 0.97 (Grgic et al., 2020).

2.3.5 Isometric mid-thigh pull test
The lower limb isometric strength was assessed by the isometric

mid-thigh pull (IMTP) test (Comfort et al., 2015a). Before testing, the
midpoint between the knee and hip joints was marked to determine
the mid-thigh position of each participant. The participants could
choose their preferred hip and knee angles for the deadlift. The height
of the barbell was adjusted to touch the mid-thigh. The participants
could use a two-handed grip, a mixed grip, or a hooked grip to pull the
barbell upward as hard and fast as possible for 6 s, using the peak force
in 6s for analysis. To avoid precontraction, participants were required
to relax before the command “GO!”The force-time curve for each trial
was recorded by a force plate (Kistler 9281CA, KISTLER, Winterthur,
Switzerland) at a sampling rate of 1,000 Hz (Comfort et al., 2015b).
The interval between each trial was 1 min, and the best result of three
times was taken for subsequent analysis. The ICC for this
test was 0.85.

2.3.6 Vertical-jump performance
The CMJ test was performed using the Ergo Jump Bosco System

(Globus, Treviso, Italy) according to procedures proposed by Bosco

et al. (Bosco et al., 1983). Jump height was determined based on
flight time. Participants were requested to keep their bodies vertical
throughout the jump, avoiding inappropriate lateral and frontal
movements. The maximum vertical jump was performed from a
standing position. The participants squatted to their self-selected
depth and fully extended their knees on the ground. The interval
between each trial was 1 min, and the best result of three times was
taken for subsequent analysis. The hands of participants were placed
on the hips during the jump to avoid any effect of arm-swing. The
ICC for CMJ was 0.96.

2.4 Statistical analysis

Experimental data were processed by the IBM SPSS statistical
software package (version 25.0, IBM, Chicago, IL, United States).
All data were expressed as means and standard deviations (SD).
The normality and homogeneity of variance were assessed by the
Shapiro–Wilk and Levene’s Test, respectively. Outliers, defined as
studentized residuals greater than three standard deviations from
zero, were identified and removed. The significance level for all
tests was set at p < 0.05. To examine the effects of the CT on the
athlete’s performance in the futsal special performance test, RSA
test, sprint test, and vertical-jump test, we first performed a two-
way repeated-measure ANOVA (group × time). The dependent
variables for each model were FSPT, RSAT, T10, T10–20, T20,
1RM BS, IMTP, and CMJ. The model factors were group, time,
and their interactions. When significant interactions were
observed, LSD post hoc corrections were performed to identify
the location of significance. The intra-group effect size (ES) was
also calculated using Hedge’s g formula (29). The threshold
values for assessing the magnitude of the standardized effects
were 0.20, 0.60, 1.20, 2.00 for small, moderate, large, and very
large, respectively (Hopkins et al., 2009). The analysis also
included calculating probabilities to determine if the true (yet
unknown) differences fell below, matched, or exceeded the
smallest significant difference or change, defined as 0.2 times
the between-subject standard deviation (SD) (Cohen, 1988). We
assessed the quantitative chances of observing better or worse
effects through a qualitative scale: less than 1% indicates it is
almost certainly not going to happen; 1%–5% is very unlikely;
5%–25% is unlikely; 25%–75% suggests it is possible; 75%–95%
means it is likely; 95%–99% is very likely; and over 99% is almost
certain. If the probability of achieving either beneficial or
detrimental outcomes was greater than 5%, we classified the
true difference as unclear (Hopkins et al., 2009). To estimate
the sensitivity to change, we calculated the calculated the minimal
detectable change (MDC =

�
2

√
x SEM x 1.96) (Sainani, 2017) and

MDC% ((MDC/mean of pretest) x 100) (Lexell and Downham,
2005). Furthermore, we calculated Pearson’s correlation
coefficients to explore the relationship between the percentage
changes in all measured physical performance indicators. The
significance of each correlation was classified using specific
thresholds: below 0.1 as trivial; 0.1 to 0.3 as small; 0.3 to
0.5 as moderate; 0.5 to 0.7 as large; 0.7 to 0.9 as very large;
and 0.9 to 1.0 as almost perfect (Hopkins et al., 2009). The relative
reliability of the test was assessed using the intraclass correlation
coefficient of the 1-way random-effects model with single
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measure ICC. The ICC of the FSPT, RSA, IMTP, and vertical
jump tests was assessed by comparing the first two results
obtained during the baseline test. A p-value of less than
0.05 was considered statistically significant for all tests.

3 Results

All the participants completed this study, and the data obtained
from them were used in the analysis. All the data were normally
distributed and homogeneity. At baseline, there were no significant
differences between groups in any variable analyzed (p > 0.05). No
significant correlation was observed between any measure and body
weight for either CT or RT (Supplementary Table S1).

3.1 Futsal-specific performance test

After the 8-week training intervention, significant “time*group”
interactions were observed for FSPT (p < 0.001). Intra-group
comparisons revealed significant differences in the FSPT for the
CT (p < 0.001, ES = 3.260) and RT (p < 0.001, ES = 1.079). Post-hoc
analysis confirmed that the scores for FSPT (p < 0.05) was higher
after the CT intervention than before and after the RT intervention.

The CT showed a very likely effect in the FSPT, while the RT
presented an unclear effect (Table 3).

3.2 RSA test

After the 8-week training intervention, no significant
“time*group” interactions were observed for RSATmean and Sdec
(p > 0.05). Intra-group comparisons revealed significant differences
in the RSATmean (p < 0.05, ES = 0.678) and Sdec (p < 0.05, ES =
0.687) only in the CT. The CT and RT were showed unclear effect in
the RSATmean and Sdec (Table 3).

3.3 Sprint test

After the 8-week training intervention, significant “time*group”
interactions were observed for T10 (p < 0.001). Intra-group analysis
showed significant improvements in the T10 (p < 0.05, ES = 1.400)
and T20 (p < 0.05, ES = 0.687) only in the CT. Post-hoc analysis
confirmed that the scores for T10 (p < 0.05) was higher after the CT
intervention than before and after the RT intervention. The CT
showed a very likely effect in the T10, while the RT presented an
unclear effect. The CT and RT were showed an unclear effect in the

TABLE 3 Assessment results of the CT and RT groups before and after 8 weeks of training.

MDC
(%)

CT group RT group

Pre Post Δ (%)
(90% CI)

Percent
changes
of better/
Trivial/
Worse
effect

ES Pre Post Δ (%)
(90% CI)

ES Percent
changes
of better/
Trivial/
Worse
effect

FSPT (s) 3.63 31.43 ±
1.78

28.01 ±
1.56p#

−10.84
(−12.13, −9.56)

100/0/0 Most
likely positive

3.26 31.47 ±
2.72

30.35 ±
2.44p

−3.45
(−4.75, −2.16)

1.08 80/13.33/
6.66 Unclear

RSATmean

(s)
1.27 3.22 ± 0.09 3.15 ±

0.090p
−1.96

(−3.25, −0.67)
73.33/6.66/
6.66 Unclear

0.68 3.21 ± 0.06 3.17 ± 0.09 −1.23
(−2.53, 0.07)

0.41 26.66/60/
6.66 Unclear

Sdec (%) 6.62 4.56 ± 0.65 4.17 ±
0.34p

−7.64
(-12.10, −3.17)

66.66/26.66/
6.66 Unclear

0.69 4.54 ± 0.56 4.38 ± 0.54 −3.49
(−5.66, −1.32)

0.67 33.33/60/
6.66 Unclear

T10 (s) 1.41 1.76 ± 0.04 1.66 ±
0.06p#

−5.18
(−6.75, −3.61)

100/0/0 Most
likely positive

1.40 1.75 ± 0.06 1.74 ± 0.07 −0.08
(−1.11, 0.95)

0.05 40/33.33/
26.66 Unclear

T10-20 (s) 1.79 1.24 ± 0.04 1.22 ± 0.03 −0.90
(−2.80, 1.01)

53.33/6.66/
40 Unclear

0.23 1.24 ± 0.04 1.22 ± 0.03 −0.90
(-2.84, 1.03)

0.23 66.66/6.66/
26.66Unclear

T20 (s) 0.96 2.95 ± 0.64 2.90 ±
0.66p

−1.82
(−2.94, −0.71)

73.33/13.33/
13.33 Unclear

−0.69 2.95 ± 0.05 2.90 ±
0.08*

−1.67
(−3.20, −0.13)

−0.48 66.66/6.66/
26.66Unclear

1RM
BS (kg)

3.10 125.53 ±
9.13

132.53 ±
8.52p

5.67 (4.35, 7.00) 100/0/0 Most
likely positive

1.90 125.53 ±
9.13

130.33 ±
5.86p

4.48
(2.19, 6.76)

0.83 80/13.33/
6.66Unclear

IMTP (N) 2.64 1899.61 ±
102.70

2043.06 ±
55.31p#

7.80 (5.28,
10.31)

100/0/0 Most
likely positive

1.47 1901.87 ±
99.09

1994.55 ±
48.82*

5.12
(2.56, 7.67)

0.94 80/13.33/
6.66Unclear

CMJ (cm) 6.62 35.27 ±
2.86

38.66 ±
1.33p#

10.23 (6.38,
14.09)

100/0/0 Most
likely positive

1.37 35.75 ±
1.21

37.33 ±
1.14

4.46
(3.17, 5.75)

0.29 86.66/0/
3.33Unclear

Note: MDC: minimal detectable change; FSAT: futsal special performance test; RSATmean: mean sprint time of the nine sprints; Sdec: percent sprint decrement for the nine sprints; T10:10-m

sprint time; T10–20: 10–20-m sprint time; T20: 20-m sprint time; 1RM BS: One-repetition maximum back squat; IMTP: Isometric Mid-thigh Pull; CMJ, countermovement jump. *Statistically

significant difference between pre-and post-test, p < 0.05; # significant difference between the CT, and TT, groups in the post-test, p < 0.05. Δ: Percentage change; ES: Effect size Hedge´s g; CI:

confidence interval.
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T20 and T10-20 (Table 3). Intra-group comparisons revealed
significant differences in the FSPT for the T10 (p < 0.001, ES =
3.260) and RT (p < 0.001, ES = 1.079).

3.4 One-repetition maximum back squat

After the 8-week training intervention, no significant
“time*group” interaction was observed for 1RM BS (p > 0.05).
Intra-group comparisons revealed significant differences in the
1RM BS for the CT (p < 0.05, ES = 1.902) and RT (p < 0.05,
ES = 0.826). The CT showed a very likely effect in the 1RM BS, while
the RT presented an unclear effect (Table 3).

3.5 Isometric mid-thigh pull test

After the 8-week training intervention, no significant
“time*group” interaction was observed for IMTP (p > 0.05).
Intra-group comparisons revealed significant differences in the
IMTP for the CT (p < 0.05, ES = 1.467) and RT (p < 0.05, ES =
0.944). The CT showed a very likely effect in the IMTP, while the RT
presented an unclear effect (Table 3).

3.6 Vertical-jump performance

After the 8-week training intervention, significant “time*group”
interactions were observed for CMJ (p < 0.001). Intra-group
comparisons revealed significant differences in the CMJ for the
CT (p < 0.001, ES = 1.372) and RT (p < 0.001, ES = 0.294). Post-hoc
analysis confirmed that the scores for CMJ (p < 0.05) was higher
after the CT intervention than before and after the RT intervention.
The CT showed a very likely effect in the CMJ, while the RT
presented an unclear effect (Table 3).

3.7 Correlations between changes in
physical performance variables.

A negative correlation was observed between the percentage
change in T10 and the 1RM BS (p = 0.04, r = −0.53), as shown in
Figure 3, for the CT. And a positive correlation was observed
between the percentage change in CMJ and the IMTP (p = 0.03,
r = 0.57), as shown in Figure 4, for the CT. No significant
correlations were observed for the RT.

4 Discussion

This study aimed to compare the effects of CT vs. RT on physical
and technical performance in amateur futsal players. The results
demonstrated that CT improved FSPT, T10, IMTP, and CMJ more
than RT. On the other hand, no differences between groups were
observed on RSA, Sdec, T10–20, T20, and 1RM BS. Overall, our
study suggests that CT emerges as an effective method for
augmenting performance in amateur futsal players.

4.1 Futsal-specific performance test

FSPT primarily assesses skills such as passing, dribbling, and
shooting, in addition to abilities like speed and agility, which are
crucial in futsal. Previous research has demonstrated the FSPT as a
reliable measure for evaluating skill-related aspects in futsal (Farhani
et al., 2019). These findings of this study suggest that CT could be an
effective approach to enhance sports-related skills in futsal, especially in
augmenting speed and agility. This is in line with our hypothesis that
CTmay bemore effective than RT in enhancingmovements involved in
the stretch-shortening cycle function (Markovic and Mikulic, 2010).
The CT regimen included exercises with both high loads (above 75%
1RM) to enhance the strength-speed segment and low loads (below 50%
1RM) to optimize the maximum velocity segment of the force-velocity
curve (Haff and Nimphius, 2012). This approach aims to
simultaneously improve maximal and explosive strength, thereby

FIGURE 3
Relationship between percentage change in one-repetition
maximum back squat and percentage change in 10-m sprint time
performance.

FIGURE 4
Relationship between percentage change in Isometric Mid-thigh
Pull and percentage change in countermovement jump performance.
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maximizing sport-specific performance. In contrast to CT, the higher
loads employed in RT typically lead to slower muscle contractions,
potentially making it less effective for enhancing explosive strength.
Paz-Franco investigated the effects of different resistance training (RT)
frequencies on professional futsal players over a 6-week period
concluding that one or 2 RT sessions per week alongside regular
futsal training significantly enhance physical performance, suggesting
that RT once every second week is insufficient for improving physical
fitness in professional futsal players (Paz-Franco et al., 2017b). Marques
conducted over an 8-week in-season period with elite futsal players
focused on evaluating the effects of a resistance training (RT) program
on strength and power performance, observing that higher recovery
quality could predict lower perceived exertion in training sessions
(Marques et al., 2022). The study conducted over an 8-week in-
season period with elite futsal players focused on evaluating the
effects of a resistance training (RT) program on strength and power
performance. It also examined the relationship between session
perceived exertion (sRPE), total quality recovery (TQR), and the
volume load of RT. Significant improvements were observed in
isometric hip adduction strength (IHAS), with small yet significant
enhancements in peak power and countermovement jump (CMJ).
While our study utilized indirect measures of SSC function, future
research would benefit from the inclusion of direct SSC assessments to
more accurately evaluate the impact of training modalities on this
crucial aspect of futsal athleticism. However, most changes did not
exceed the minimal detectable change (MDC), suggesting that low-
volume, low-to-moderate load RT might not sufficiently stimulate
dynamic strength and power gains in elite players, although it can
enhance isometric strength. Additionally, the study found a significant
negative correlation between TQR and sRPE, indicating that higher
recovery quality could predict lower perceived exertion in
training sessions.

Consequently, CT might be a more effective training
methodology for enhancing sport-specific performance,
particularly during pre-season strength training.

4.2 Repeated sprint ability test

Previous research suggests that RSA is influenced by greater
muscle power output (Okuno et al., 2013), indicating that CT could
potentially improve RSA. Our findings partially corroborate this,
which the result show that CT led to a significant reduction in
RSATmean despite no significant group difference between CT and
RT. The improved velocity in 10 m sprinting likely explains CT’s
effectiveness in improving the RSATmean. While sprinting velocity,
a critical factor of RSA, has shown significant improvement through
CT, RSA is also constrained by factors such as energy supply
capacity, hydrogen ion (H+) removal, and muscle activity
(Bishop et al., 2011). CT primarily focuses on neuromuscular
aspects minimally impacting the metabolic system which explains
the absence of significant differences observed between CT and RT.
Torres-Torrelo found that a 6-week training intervention combining
resistance training (RT) with loaded change of direction (CD)
exercises significantly improved muscle strength and repeated
sprint ability (RSA) in futsal players compared to RT alone and a
control group with no training changes. The combined RT and CD
group exhibited greater enhancements in RSA mean sprint times

and ground contact time across multiple sprints, indicating the
efficacy of combining RT with dynamic, sport-specific movements
for futsal performance enhancement (Torres-Torrelo et al., 2018).
Nevertheless, our results suggest that CT could be an effective
approach to enhance RSA, warranting further investigation.

4.3 Sprinting performance

Both CT and RT demonstrated significant improvements in the
T20, with no significant differences between the groups. However,
CT showed a significant improvement in T10 compared to RT, while
no significant difference in T10-20 in either group. In futsal, 10 m
sprinting is a more relevant ability, as the majority of sprinting
distances are between 10 and 20 m (Naser et al., 2017). Moreover,
improvement in T10 may contribute to the improvement in RSA
and FSPT, which partly explains the significant differences in CT
instead of RT. Since sprint performance is heavily influenced by
maximal strength, and both CT and RT involve high-intensity
resistance training, both may have an effect on 20-m sprint
performance. The study of Torres-Torrelo examined the impact
of a 6-week training program on futsal players, indicating significant
improvements in countermovement jump, ball throwing distance,
and 30 m sprint performance with no significant changes observed
in the control group. This suggests that incorporating resistance
training with change of direction exercises can positively affect
explosive power and speed in futsal players (Torres-Torrelo et al.,
2017). The 10-m sprint, more dependent on the rate of force
development (Naser et al., 2017), is significantly impacted by the
plyometric training in CT. This might be re reason why CT
effectively increases the rate of force development in the muscles,
thus leading to more significant improvements in T10.

4.4 Strength and power test

1RM BS and IMTP were significantly increased after both CT and
RT for IMTP, CT achieved a more significant improvement. Previous
studies suggest that IMTP is more effective in detecting the positive
effects of RSA (Bender et al., 2018), which is in line with the
improvement of RSATmean in CT. Additionally, the peak force
generation was significantly increased in IMTP, possibly an
underlying mechanism of enhanced RSA due to improved efficiency
of skeletal muscle contraction (Haider and Folland, 2014). Marques
observed significant improvements in physical performance, including
countermovement jump height, t-Test time, kicking ball speed, and
maximum dynamic strength, indicating that such a training program
can effectively enhance various performance parameters in young futsal
players without prior RT experience (Marques et al., 2019). Overall, CT
has more increased complexity and specificity than RT and may thus
have more central nervous system stimulation, thereby promoting
better neural adaptations such as greater intermuscular coordination
and the synchronization of muscle fiber recruitment. In other words,
CT is amore effectivemethod to develop sports-specific ability and RSA
compared to RT.

Importantly, the results of this study do not conclusively
demonstrate the superiority of CT over RT in enhancing overall
athletic performance. Both training programs contributed to
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performance improvements, with CT showing a trend for greater
gains and effect sizes in some variables but not significantly different
in RSA, Sdec, T10–20, T20, and 1RM BS. Our findings underscore
the effectiveness of both CT and RT’s effectiveness in augmenting
amateur futsal players’ athletic performance. While RT can provide
the foundational strength necessary for athletic performance, CT’s
incorporation of plyometric exercises can further enhance power
and technical performance, which is critical for futsal. Implementing
periodization strategies, where the focus of training shifts between
CT and RT across different phases of the season, can help optimize
performance peaks and recovery. For instance, a pre-season focus on
RT to build strength followed by a mid-season emphasis on CT to
sharpen power and technical performance.

4.5 Correlations between Changes in
Physical Performance Variables

In research examining the impact of CT, a notable negative
correlation was found between gains in 10-m sprint times and 1RM
BS performance, indicated by a correlation coefficient of −0.53.
Conversely, a positive correlation emerged between lower limb
power, as measured by the CMJ, and lower limb isometric
strength, quantified through the IMTP), with a correlation
coefficient of 0.57. These findings align with outcomes reported
in previous studies after implementing CT programs (Mason et al.,
2021; Liu et al., 2022; Qiao et al., 2022). For instance, Comfort and
others, in their study with elite 17-year-old soccer players, identified
a similarly strong negative correlation between maximal strength
and 20-m sprint times, with a coefficient of −0.64 (Comfort et al.,
2014). Additionally, a substantial correlation between IMTP and
CMJ was documented in another investigation, reinforcing the
theory that augmentations in lower-body strength positively
influence sprint performance and lower limb power (Mason
et al., 2021). Therefore, the CT approach, which emphasizes
high-load resistance training combined with plyometric exercises,
is increasingly recognized as an effective strategy for enhancing
sprint performance and the power of the lower limbs.

The limitations of this study are multifaceted. Primarily, the
findings presented herein necessitate verification through future
investigations to bolster their validity. A significant limitation to
acknowledge is the power analysis; although it adhered to
established best practices. This acknowledgment serves not
only to uphold transparency but also to guide and improve
the methodological rigor in future research endeavors.
Additionally, we recognize the omission of direct stretch-
shortening cycle (SSC) measurements as a constraint in our
evaluation. The SSC is pivotal to many futsal movements, and
its assessment could provide a deeper understanding of the
impact of CT on performance. This omission points to the
need for a more comprehensive battery of tests in future
studies, which should include SSC measures to offer a more
complete picture of the interventions’ effectiveness. The current
study’s focus on RSA may not fully represent the broad spectrum
of functional adaptations that occur as a result of CT. Therefore,
it is imperative to extend future assessments to encompass a
wider range of performance indicators, including those that more
directly reflect on-court demands. We also suggest that

subsequent research should investigate the dose-response
relationship between CT and performance outcomes in a more
detailed manner. Employing a variety of assessments at multiple
points throughout the intervention would yield valuable insights
and enable a fine-tuning of training protocols to optimize athlete
performance enhancements. Longitudinal studies are warranted
to understand the long-term effects and sustainability of the
benefits of CT. These should explore variations in CT program
parameters, to identify the enduring effects of the training and to
optimize session frequency and intensity for peak
athletic outcomes.

5 Conclusion

The current study showed a tendency for greater physical and
technical performance gains following CT compared to RT in
amateur futsal players. Although both interventions may be
valuable for improving specific performance parameters in
amateur futsal players, CT may offer more advantages over RT
in improving physical and technical performance. These findings
support tailored strength and conditioning training programs for
futsal players to optimize physical and technical performance.
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Introduction: The objective of our study was to examine, in addition to using the
TOCA Football System tool and training method, the effect of a 10-week
intervention on elite youth athletes in terms of their sport-specific motor skills
and anthropometric variables.
Methods: The study covered a group of 32 young players practicing football
(U14) (13.45 ± 0.64 years). The junior U14 footballers were randomly assigned
to an intervention or TOCA group (TG, N= 15, 13.25 ± 0.58 years) and a
control group (CG, N= 17, 13.63 ± 0.66 years). Before starting the test, we
performed full anthropometric measurements and assessed the sample’s
agility with and without the ball and their sport-specific endurance. The
measurements were then repeated after the 10-week intervention.
Results: Within-group analysis showed significant improvements in muscle mass
(p < 0.001), sport-specific endurance (p < 0.001), (p < 0.004) and agility (in TG)
both with and without the ball (p= 0.002), (p= 0.004) however, we did not
find a significant change in body fat percentage in either group (p= 0.988,
p= 0.288). In the CG, “agility with the ball” changed significantly only
(p=0.023). In the between-group analysis with a repeated-measures analysis
of variance (mixed-design ANOVA), there was no significant interaction in any
performance variables. The main findings of this study indicate that a TOCA
Football training program in addition to normal training during the in-season
period does not produce additional effects in anthropometric factors, sport-
specific endurance and agility performance with the ball (dribbling) and
without the ball in comparison with the control condition.
Discussion: From a practical point of view, the presented anthropometric and
physical profiles of players can be useful for football coaches in optimizing soccer
training. Overall, it also can be concluded that the device can be safely used in the
sensitive age group in terms of the development of motor skills since we did not
find any negative effects during the use of the device in terms of the parameters
we examined. In addition to the expansion of the number of elements and the
inclusion of other age groups, it is advisable to carry out further complex tests, as
the TOCA Football System offers many research opportunities.
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1 Introduction

Football is the most popular sport and is played all over the

world (1). In today’s top football, the game is becoming faster

and more physical, which demands exceptional skills from the

players (2). According to Reilly et al. (3) and Davies (4), the

modern game is primarily defined by power and speed. One-

touch football, characteristic of modern football (5, 6), requires

energy-demanding high-intensity movements from athletes (7, 8).

As all elements of the game sped up, the sport-specific

endurance (which means adapting to a large number of

accelerations, decelerations and changes of direction and often

repeated sprints) of the players also had to adapt to the increased

expectations (9–12). If we add to this the number of matches

held annually, which is approximately 45–55 on which they

cover a total of 9–14 km on average, with high-intensity running

accounting for 5%–15% of this distance, then we can conclude

that the annual running volume of outstanding players at the

international level requires amazing physical preparation. Due to

the increased physical demands, athletes must have outstanding

sport-specific skills (13–16). Based on a range of physical and

biological characteristics (such as body mass, body composition,

speed, agility, vertical jumping, power, repeated sprint ability,

and endurance), researchers have differentiated more successful

elite youth football players from those who were less successful at

multiple age groups from U9-U21 (17–20). Therefore, in the

world of football, more and more emphasis is being placed on

training with a scientific approach.

The relationship between football and sports science began to

strengthen approximately in the second half of the 20th century.

By the 1980s, it became obvious that football could not rely on

the traditional methods used in the previous decades in the long

term. The effectiveness of scientific methods was proven by the

fact that those clubs that changed their previous methods were

more successful than those that stayed with the traditional

methods used before (4). The early recognition of innovations

and new training methods that appear in the sport can quickly

give teams that apply them a step ahead. By the 2000s, the

majority of elite Hungarian clubs founded their own academies.

In recent years, further major great changes have taken place in

Hungarian football, the economic environment has changed,

which meant completely new funding through the introduction

of the TAO support system. The aim of the operation was to

prepare talented young footballers for professional football more

effectively (17–19). According to international literature, these

training workshops have become the most important talent

development institutions in football (20). According to Rábai

(18), the academic environment provides outstanding personal

and infrastructural training opportunities for young footballers to

become professional athletes. Among other things, this academic

system enables the TOCA Football System to play a role in the

preparation of young athletes. In Hungary, football academies are

youth training institutions whose primary goal is to educate

highly qualified and internationally competitive players (19).

Currently, 19 such academies operate in Hungary, which work

according to the operating conditions system used by the
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European Football Association (UEFA) by providing learning,

housing, and professional and institutional conditions. In

Hungary, the system of football academies is used primarily for

the training and complex talent management of the sport, as well

as the development of the careers of young footballers and the

sport at the same time (21). Since the system has excellent

conditions for selection and talent management (22), in recent

years, academies have become prominent actors in the training

of Hungarian youth (23). Despite all this, only a few of our

young footballers make it to the best in Europe (24).

Thus, the methods, tools and tasks that promote the

development of different physical and technical skills during

football training should be given priority (25). The effect of the

TOCA Football System has not been examined in this regard

before. It can also be said that there are very few publications in

English related to Hungarian football youth training methods.

Given that its use is widespread in Hungary and many countries

worldwide and that it is also readily used when providing training

for junior footballers, the examination of the tool is of prime

importance (26). Furthermore, sport for the health of young

people is of prime importance in professional sport is also a

strategic area of priority (27, 28). The novelty of the TOCA

Football system lies in the fact that the sport-specific technical

elements (first touch, passing, stops and starts, change of

directions, etc.)—that form the basis of the technical toolkit of a

footballer—can be practiced by the athlete with a higher repetition

rate than it would be possible with traditional training methods

(26). By changing the physical load in this way, the sport-specific

technical elements can become a muscle memory action faster

(29, 30). One of the most important goals of the various objective

tests known and recognized by international research is to be able

to monitor the effectiveness of the training and the defined

physiological objective with the established periodization (31).

Extensive examination of junior footballers can range from human

biological values through lower-limb muscle strength and running

speed to spiroergometric measurements. It evaluates the players in

a complex manner (32), and its application is essential to create

the possibility of conscious and progressive development. It has

already been established that, in addition to laboratory tests, the

results measured during field tests and match conditions are closer

to the athletes’ real performance; therefore, in our research, we

preferred the use of field tests, as well (31, 33).

The objective of our study was to examine the effect of a 10-week

intervention with the TOCA Football System tool and training

method on elite youth athletes’ sport-specific motor skills and

anthropometric variables in a randomized controlled study.
2 Materials and methods

2.1 Selection and description of participants

In the spring of 2022, the U13-U14 junior football players of

one of our country’s elite academies in the Hungarian junior first

division (NBI) are being examined. After eligibility assessment,

32 people were included in the study, which was randomly
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divided into two groups by www.randomizer.org, 15 people (13.25

years ± 0.58 years) made up the intervention group (hereafter TG)

and 17 people (13.63 years ± 0.66 years) the control group (CG).

The athletes included in the study all had more than five years of

experience in football. They attended training sessions at an

association football club six times a week, five of which were

afternoon sessions, and one session was morning technical

training. In the case of all participants, before the tests, the

parents were provided information about the research, and they

also had to fill out a written consent form. Exclusion criteria

were defined as if the athlete suffered an injury during the

previous two months or could not participate in at least 80% of

the sessions.
2.2 Measurement tools

Measuring the physical ability of athletes is one of the most

critical factors in modern football. Many tests are used to

determine and analyze players’ abilities and to examine the

effectiveness of a training method (34, 35). To determine motor

and physical performance, we used the tests of the measurement

protocol preferred by the Hungarian Football Association (35),

with which (31), also tested junior footballers. The body height

of the tested sample was measured using the standard

stadiometer technique, with their head in the Frankfort

horizontal plane. We also determined the biological age of the

examined sample. The calculation of morphological age can be

summarized with the following formula:

MA ¼ 0:25 � (BH ageþ BW ageþ PLX ageþ CA+ C (years)

where MA is morphological age, BH age is the age corresponding

to the table value to which the subject’s height is closest, BW age

and PLX age are interpreted in the same way as for height, CA is

calendar age, and C is any necessary correction (36, 37). A

bioimpedance measurement method was used to measure body

mass, muscle mass, and body fat percentage (InBody 770;

InBody Co., Ltd., Seoul, South Korea).

2.2.1 Yo-Yo intermittent recovery test level 1
The Yo-Yo Intermittent Recovery Test Level 1 (YYIR1) was

used to determine the sport-specific endurance, maximum

oxygen uptake capacity and maximum pulse values. Many

studies deal with the examination of the physical condition of

junior footballers (13–18 years old), the process of physiological

adaptations that occur as a result of different training sessions,

and the analysis of the physical performance achieved in matches

to find out which variables can be used to predict the expected

motor performance in matches (38–42). The YYIR1 is one of the

most widely used, internationally accepted, and reliable field tests

relevant to junior players, and it is a predictor of expected

endurance performance in matches (40, 43–46).

A YYIR1 and a laboratory exercise test (Bruce protocol) were

chosen based on Fang et al.’s research (47)—were also performed

on the athletes to assess accurate physiological characteristics and
Frontiers in Sports and Active Living 03101
to determine the expected maximum heart rate (HRmax) and

estimated aerobic capacity (VO2max) (48):

VO2max ¼ (Final distance (in meters)� 0:0084) þ 36:4

Based on the exercise tests, it can be established that the

examination group was homogeneous regarding expected endurance

performance (49) and maximum aerobic capacity (50, 51).

The Illinois Agility Test assessed multidimensional speed, agility,

acceleration, change of direction speed and maneuverability (52–54).

2.2.2 Illinois agility test
By performing the test, we determined the soccer players’

agility, speed and deceleration ability, and ability to change

direction by performing sequences of movements from different

positions and angles. The players performed the survey in special

soccer cleats. To measure performance, we used an infrared

photocell gate (Fusion Sport Smartspeed, Australia), which was

placed in a standard position at a height of 1 m at the start and

finish lines. During the test, the test subjects start from a

standing position behind the start line, and they start running

when they hear the predetermined sound signal. The test subjects

start sprinting from the start line; they run forward 10 m to run

around a cone, then back 10 m to a cone placed at the height of

the start line. Then, the test subjects weave in and out of the

cones over a 10 m distance, complete a 180° turn and then weave

back through the cones completing a 180° turn at the last cone.

Then, the test subjects sprint forward 10 m to a cone, complete

another 180° turn and sprint 10 m to the finish line. Finally, they

cross the finish line by running between the infrared photocell

gates placed at a height of 1 m (53, 55). The test subjects in the

study had to complete the test as quickly as possible. Two

options were provided to athletes to complete the course with a

3–5-min rest period between repetitions. During the statistical

analysis, the fastest performance and the best time result were

considered. The test was also performed by the players while

dribbling a football.
2.3 Procedure

2.3.1 Preintervention
For a start, the team staff was informed about the objectives of

the study, and the research team ensured that parents signed their

informed consent. Then, the research team studied and planned

every training structure with the coaches, physical trainers, and

both teams. After defining the groups, we ran pre-defined field

tests and laboratory tests on the players in training week zero,

and then after ten weeks, all the tests were repeated. The athletes

performed the tests following the same order and with a

minimum of 3 min and a maximum of 5 min of rest between

tests. The tests, in both cases, were conducted indoors on

synthetic turf at the Dárdai Pál Labdarúgó Akadémia Utánpótlás

Edzőközpont (Senior Pál Dárdai Football Academy Youth

Training Center) and the TOCA Football Center-Garami József

Utánpótlás Labdarúgó Képző Központ (TOCA Football Center-
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József Garami Junior Football Training Center), at the constant

temperature of 20°C–22°C.

2.3.2 The intervention protocol
The TG n = 15 was determined randomly from the total sample

N = 32. The CG was n = 17 people. During the entire period of the

investigation (10 weeks), the morning training of the TG was held

at TOCA Football Center-Garami József Utánpótlás Labdarúgó

Képző Központ (TOCA Football Center-József Garami Junior

Football Training Center) where they used the TOCA Football

System (TOCA Football Inc. California Costa Mesa, US.)

throughout their training sessions. Due to the championship

schedule, the morning training sessions for both groups took

place on Thursday between 07:00 and 08:15. The CG was

instructed to continue the team’s original training plan. In

contrast, the TG group continued the same training plan using

the soccer ball delivery system. Before training, the same warm-

up protocol was used for both groups. Before the first session,

the TG was verbally and visually informed about the operation

of the new training device and the method. After the warm-up,

the training continued according to the original training plan

with the help of the device. During the training sessions, the

main part after the warm-up lasted 45–50 min for each training

session, with the same rest period added. The training sessions

were conducted by the team coach and a trainer with a

qualification in the TOCA Touch Trainer.

2.3.3 Postintervention
After the intervention protocol, the TG and CG were evaluated

at the same time of day as in the preintervention session, in a

similar space with the same conditions.
2.4 Data analysis

For the treatment of the data, we used adequate statistical

methods. Descriptive statistics were used to characterize the

sample. Descriptive statistics are represented as mean ± standard

deviation (SD) with standard mean difference data. Tests of

normal distribution and homogeneity (Shapiro-Wilk’s and

Levene’s, respectively) were conducted on all data before analysis.

A paired sample t-test was used to determine differences as a

repeated measures analysis (pre–post) within groups. When

comparing normally distributed variables (anthropometry, Illinois

agility test), we used a paired sample T-test where the

significance level was set at p < 0.05. A non-parametric Wilcoxon

test was used where the sample was not normally distributed

(YOYO IR1 test- in the case of the TG), and the error limit was

set at p < 0.05. The correlation coefficient (r) was the indicator of

the effect size. To interpret the magnitude of the effect size, we

adopted the following criteria: r = 0.10, small; r = 0.30, medium;

r = 0.50, large. To discover between-group differences, a 2 (group:

TG and CG) × 2 (time: pre, post) repeated-measures analysis of

variance (mixed-design ANOVA) was calculated for each

parameter. The delta percentage (Δ%) was calculated via the

standard formula: Δ%= [(posttest score−pretest score)/pretest
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score] × 100. Partial eta-squared (ηp2) effect sizes for the time ×

group interaction effects were calculated. An effect of ηp2≥ 0.01

indicates a small, ≥0.059 a medium, and ≥0.138 a large effect,

respectively (56). Data were analyzed using the IBM SPSS

Statistics 27 software.
2.5 Ethical considerations

The study was conducted in accordance with the Declaration of

Helsinki and approved by the University of Pécs Regional Research

Ethics Committee (No. 9119-PTE 2022).
3 Results

3.1 The results of the anthropometric tests

In the case of BF%, no significant difference was found within

either group. However, in the case of BM and SMM, we found a

significant change within both groups (BM: p < 0.001, r = 0.804;

p = 0.030 r = 0.511; SMM: p < 0.001, r = 0.812; p < 0.001, r = 0.716).

Data showed that participants improved significantly after ten

weeks in most anthropometric variables, except BF% within both

groups Table 1.
3.2 Results of the performance variables

The paired measures t-test with participant’s performance

variables (IAT, YYIR1, VO2max- in TG and CG) and Wilcoxon-

test based on the variables normality test (YYIR1post and

VO2maxpost- in TG) that showed significant difference for all

variables within groups (IAT without ball: p = 0.004, r = 0.675; IAT

with ball: p = 0.002, r = 0.716; p = 0.023, r = 0.533; YYIR1:

p = 0.001, r = 0.674, p = 0.004, r = 0.647) except of the IAT without

the ball test within control group which showed no significant

differences (IAT without ball: p = 0.675, r = 0.106). Data showed

that participants improved significantly after ten weeks within

groups in most performance variables, except IAT without the ball

in CG. Absolute values for each variable at the pre- and post-test,

along with the repeated measured ANOVA, showed no significant

group x time interactions were observed between training groups

(TG and CG) in any variable (p > 0.05) Table 2.
4 Discussion

This research aimed to examine the effect of the TOCA

Football System on the body composition and motor

performance (agility and sport-specific endurance) of junior

athletes within the framework of a 10-week intervention

program. When evaluating the results, we do not deal with the

change in body height separately since it is more likely that it

stems from age characteristics rather than from the training

performed. The main findings of this study indicate that a
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TABLE 1 Anthropometric characteristics of the study sample before and after the 10-week intervention (mean ± SD).

Young male football players (N = 32)

TG (n = 15) CG (n = 17)

Pretest Posttest RM t-test (p) Δ (%) Pretest Posttest RM t-test (p) Δ (%)
BH (cm) 163.2 ± 10.07 165.66 ± 9.2* – 1.51 164.17 ± 12.19 166.11 ± 11.79* – 1.18

BM (kg) 46.22 ± 8.6 48.19 ± 9.63* p < 0.001 r = 0.804 4.26 50.4 ± 11.45 51.32 ± 11.37* p = 0.030 r = 0.511 1.83

BF (%) 8.57 ± 4.01 8.59 ± 2.54 p = 0.988 r = 0.004 0.23 11.38 ± 4.94 10.79 ± 3.66 p = 0.288 r = 0.265 −5.18
SMM (kg) 23.05 ± 5.08 24.27 ± 5.27* p < 0.001 r = 0.812 3.28 24.57 ± 6.62 25.25 ± 6.48* p = 0.001 r = 0.716 2.77

BF%, body fat percentage; BH, body height; BM, body mass; SMM, skeletal muscle mass.

*significant differences (p < 0.05).

TABLE 2 Changes in the performance variables after the 10-weeks intervention (mean ± SD).

Young male football players (N = 32)

TG (n = 15) CG (n = 17)

pre post RM t-test (p) Δ (%) pre post RM t-test (p) Δ (%)
IAT without ball (s) 15.82 ± 0.56 15.64 ± 0.59* p = 0.004 r = 0.675 −1.14 15.85 ± 0.43 15.82 ± 0.42 p = 0.675 r = 0.106 −0.19
IAT with ball (s) 20.27 ± 1.14 19.92 ± 1.02* p = 0.002 r = 0.716 −1.73 20.71 ± 1.14 20.40 ± 1.15* p = 0.023 r = 0.533 −1.5
YYIR1. distance (m) 1,830.67 ± 333.71 2,073.33 ± 325.10* p = 0.001 r = 0.674 13.26 1,435.29 ± 381.49 1,605.88 ± 381.49* p = 0.004 r = 0.647 11.89

VO2max (ml/kg/min) 51.77 ± 2.8 53.81 ± 2.73* p = 0.001 r = 0.674 3.94 48.45 ± 2.87 49.88 ± 3.20* p = 0.004 r = 0.647 2.95

ANOVA p values (ηp2)

time group group × time
IAT without ball (s) p = 0.025, η2 = 0.157 p = 0.527, η2 = 0.013 p = 0.101, η2 = 0.087

IAT with ball (s) p < 0.000, η2 = 0.371 p = 0.254, η2 = 0.043 p = 0.807, η2 = 0.002

YYIR1. distance (m) p < 0.000, η2 = 0.550 p = 0.001, η2 = 0.311 p = 0.660, η2 = 0.007

VO2max (ml/kg/min) p < 0.000, η2 = 0.583 p = 0.001, η2 = 0.309 p = 0.348, η2 = 0.029

RM, repeated measures (paired-samples t-test); IAT, Illinois agility test.

*significant differences (p < 0.05).
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TOCA Football training program in addition to regular training

during the in-season period does not produce additional effects

in anthropometric factors, sport-specific endurance and agility

performance with the ball (dribbling) and without the ball in

comparison with the control condition. This may indicate that

the adaptations obtained during training with one TOCA

training per week for ten weeks were similar to players

participating in traditional soccer training. Related to these

findings (57, 58) reported that regular participation in soccer-

specific training sessions can be a sufficient incentive to increase

the performance of soccer-specific skills.

However, based on the results of the body composition tests, it

can be concluded that the average body mass of both groups

changed significantly, in the case of the TG by +1.97 kg

(p < 0.001) and in the case of the CG by +0.92 kg, (p = 0.030).

The increase in muscle mass was primarily responsible for the

increase in body mass in both groups since, in terms of body fat

percentage, no significant difference was found in either group,

while the body fat percentage of the TG increased by an average

of +0.02%; (p = 0.988), while the body fat percentage of the CG

increased by 0.59% on average; (p = 0.288). After the t-test, the

results indicate that the effect of the intervention on body

composition is not significant, as we found that the muscle mass

(SMM) increased significantly in both groups. In the case of the

TG with +1.22 kg (p < 0.001) and the CG with 0.68 kg (p = 0.001).
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However, observing the results, it can also be stated that although

the increase in muscle mass can be statistically demonstrated in

both cases, in the case of the TG, the muscle mass increased

approximately twice as much. Csáki et al. (35) examined 76

people in the same age group and documented the body

composition results of Hungarian junior soccer players over 12

months. At the end of the study, they experienced an average

increase in muscle mass of +1.48 kg. So, while in a similar study

such a change in muscle mass was only detectable in 12 months,

with the TOCA training, it was achieved in only ten weeks.

This can be supported by the results of a previous study by

Szabó and Ács (26), in which TOCA and traditional football

technical training, with the same training goal, were compared

based on locomotor and physiological parameters that Polar

Team Pro could measure. Based on their results, the athletes

trained at a significantly higher intensity during the TOCA

training sessions. This increased intensity—shown in the number

of micromovements (number of stops, starts, changes of direction,

sprints) and the distance covered in proportion to time—can

benefit the increase in skeletal muscle mass, which is extremely

important, since in football, as established by Mohr et al. (59), to

carry out 30–40 acceleration phases and frequent jumps with a

high efficiency level, one requires outstanding lower limb strength

(60, 61). Previous studies have also reported that faster running

speed is affected by the force applied to the ground, in addition to
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a higher step frequency (62–64). This physical axiom—according

to which the greater the ground force (action), the greater the

reaction force (reaction)—also proves the importance of skeletal

muscle in improving the speed of footballers, which makes the

athlete suitable for coping with the extreme physical demands

experienced on the field of international soccer.

The agility tests used in football, including a combination of

accelerations, decelerations, change of direction, explosiveness and

turns, are the most relevant objective sport-specific tracks.

Carrying out the aforementioned abilities with a high level of

efficiency is decisive in terms of the effectiveness of the matches

and the game situations. During our investigation, we performed

the Illinois Agility tests with and without a ball. The paired

sample t-test results show that in the case of the results of the TG,

we experienced a significant improvement both in the agility test

with a ball (p = 0.004) and in the agility test without a ball

(p = 0.002), in the case of the CG we only found an improvement

in the agility test with a ball (p = 0.023). In contrast, no significant

difference was found in the agility test without a ball (p = 0.675).

However, based on the result of the mixed-design ANOVA test, it

can also be said that no significant group × time interaction were

found during the agility tests comparison between the groups.

This also means that even before the first examination, the

intervention group members achieved better results than the

control group. Another study conducted on eighteen youth soccer

players that analyzed the effects of a 6-week coordination training

intervention on physical fitness revealed no significant differences

between the pre-and post-tests in agility performance (65). Based

on these, it can be assumed that a longer intervention process

would show a more accurate view regarding the development of

differences between groups. The higher the number of repetitions

and the more frequent the execution of tasks, the more micro-

movements the athletes require, which is shown in the

development of agility. Taylor et al. (66) found that during

football matches, athletes experience some rhythm change every

3–4 s. This can be categorized with up to 1,200 acyclic

movements, where 30–40 acceleration-deceleration phases and

jumps (59), more than 700 changes of direction (67) and other

intensive sport-specific techniques such as shooting, dribbling,

tackles and fully body collision can be found (9). Based on these,

it can be stated that success in football is largely determined by

movement without the ball. Running performance is best

characterized by frequent and fast sprints and continuous changes

of direction, which is nearly 10% of the total amount of running

performed in matches (68). In various 1–1 game situations, quick

starts, decelerations, and direction changes can result in a 1–2 m

advantage over the opponent, which can determine the success of

a game situation. It is essential to consider that, during a match,

more time is spent running without the ball than with the ball. In

the case of offensive players, during the game situations before

scoring a goal, an almost minimal number of (1–3) touches can

be determined, which can be explained by the high-intensity rapid

movements and direction changes performed in the preceding

3–5 s (69). Another advantage of the TOCA Football System could

be that it forces the athletes to move significantly more without

the ball (27).
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An extensive analysis of football matches determined that

players show different running performances in various phases of

the match, where more robust phases are generally followed by

weaker periods (59, 70). These analyzes and the obtained data

confirm the need for the development of continuous and

intermittent high-intensity physical performance in training

(71, 72). In our study, we found that based on the results of the

sport-specific endurance test (YYIR1), both groups’ performance

improved significantly.

During the follow-up measurements after the 10th week, in the

TG, the athletes ran an average of 242.66 m more (p = 0.001),

while in the CG, they ran an average of 170.59 m more (p = 0.004).

Based on these, it can be concluded that both groups’ YYIR1

performance and oxygen uptake capacity improved significantly

(p = 0.001) and (p = 0.004) during the ten weeks. Based on the

mixed-design ANOVA test, the difference between the averages of

the two groups shows no significant group × time interactions, but

that the results of the TG were slightly better, which can also be

explained by the higher intensity of the TOCA training (26), which

is also reflected in the increase in muscle mass, micromovements

without the ball and endurance indicators. This can also be

explained by (57, 58) with the findings that regular participation in

soccer-specific training can be a sufficient incentive to increase the

performance of soccer-specific skills.

An analysis of VO2 max, which is regarded as one of the most

critical components of endurance performance (73). The mean

VO2max of elite soccer players generally ranges from 55 to 68 ml/

kg/min (38), much higher than the values we measured, which

can be between 49.9 and 53.8 ml/kg/min. Recently, at another

Hungarian academy, the endurance parameters of youth soccer

players were also examined, where a value of 57.6 ml/kg/min was

measured, which is also higher than what we experienced (37).

Regarding the research, the tests were carried out in an age group

that is a sensitive age for motor skill learning. At this age, the

development of the bone and muscle system progresses by leaps

and bounds, affecting adolescents’ physical performance. This

partially explains why the body height and body mass of the

sample increased significantly until the 10-week intervention (BH:

p < 0.001, p < 0.001; BM: p < 0.001, r = 0.804; p = 0.030 r = 0.511).

Among the most critical morphological changes that can be

observed at this time are the accelerated change in body sizes and

internal organs, changes in body proportions, and changes in body

composition. These small changes can affect performance and

motor coordination. Through the quantitative and qualitative

development of muscles, their strength improves significantly.

They become not only stronger but their training load can also be

increased. In boys, the absolute mass of the body fat can also

decrease (74). During puberty, the favorable conditions for motor

skill learning are temporarily reduced. The adolescent child’s

motor coordination deteriorates and becomes impaired, and

previously successfully mastered movements may appear clumsy.

These are usually related to the intense increase in body length

dimensions typical of adolescence. In the case of adolescent

athletes, the duration of motor skill learning and the number of

repetitions of the exercises must be chosen carefully and according

to a plan (75). Bearing in mind the above, it can be stated that
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training should aim not only to increase performance but also to

maintain motor coordination for the affected age group. According

to Dubecz (30) and Harsányi (29), the performance of athletes in

the affected age group can also start to deteriorate due to the

inappropriate use of training stimuli in training sessions.

Furthermore, it can also be established based on own research and

given the characteristics of soccer, implementing mixed

approaches in the training process, as well as introducing strength

and power training, for U14 players is of paramount importance to

build more resilient athletes (76–78).
5 Conclusions

Overall, it can be concluded that the integration of the TOCA

Football System into football training is safe, even for an age group

that is sensitive to motor skill learning (U13-U14). The results

confirmed that using the TOCA Football System does not

negatively affect the athletes’ performance in terms of the

measured parameters. In the case of the sample we examined, we

experienced a significant improvement in most of the parameters

within groups. However, the comparison between the groups did

not show a significant difference, so a positive interaction cannot

be established during the intervention. It was also found that it is

worth approaching the examination of football-related motor

skills in a more complex manner and supplementing the research

with other tests, such as sprint tests, tests measuring the dynamic

strength of the lower limb, or sports psychology tests.
6 Limitations

The main limitation of our study is that we could get a more

accurate view of the long-term effect of the tool if the study was

carried out with a larger number of elements over a longer

intervention period, including other age groups. We could also

get a more accurate view of the athletes’ estimated aerobic

capacity if laboratory tests were used. In the present study, we

only examined junior male athletes, so we could get more

reliable results if the research were repeated with the involvement

of female athletes.
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Resistance training programs play a crucial role in optimizing soccer
performance. The aim of this study is to compare performance outcomes in
sport-specific tasks after implementing two different flywheel resistance training
(FRT) programs: variable intensity (VI) and constant intensity (CI). Seventeen (n =
17) amateur footballers were divided into VI and CI groups with the same training
volume. For the VI group, a decrease in inertial load was implemented every four
sessions, whereas the CI group maintained a constant load during the entire
program. After different familiarization sessions and testing (sprint, change of
direction, jump, one-repetition maximum and flywheel strength variables), ten
sessions of FRT were performed over 5 weeks. Both groups showed similar
improvements in the one-repetition maximum (p < 0.01) but the CI group had
significant improvements in the 10-m sprint (p = 0.04; ES = 0.72), emphasizing
the potential benefits of medium inertial loads to maximize power and specificity
in sport tasks. However, no significant differences were observed in the
countermovement jump, change of direction and 30-m sprint, possibly
attributed to neuromuscular fatigue from a high-volume training schedule and
friendly matches. The study highlights the importance of considering training
load distribution in FRT programs. The findings emphasize the need for
complementary training to maximize the jump and change of direction
abilities and caution against high-volume training and friendly match
scenarios. In conclusion, FRT programs, whether varying in intensity or not,
can yield medium-term performance improvements for soccer players.

KEYWORDS

flywheel resistance training, soccer, training program, strength training, performance

Introduction

Resistance training programs should consider various training variables over time
(Kraemer and Ratamess, 2000) and there are different programming strategies to optimize
the force–time relationship and consequently increase performance in sport-specific tasks
(Suchomel et al., 2016). For this reason, programs should thoroughly control variables such
as intensity, volume, density, frequency or exercise selection (Zatsiorsky et al., 2020).
Training volume and training intensity have received the greatest attention in strength
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training programs. Intensity can be expressed as a percentage of the
one-repetition maximum (1RM), velocity of the bar, repetitions in
reserve or rating of perceived effort (RPE) (Suchomel et al., 2021).
On the other hand, training volume is represented by the total
session workload performed, which influences the magnitude of
metabolic stress and muscle damage (Schoenfeld, 2010). Intensity
and volume manipulation dictate the physiological and
biomechanical resistance training demands. Therefore, a
combination of training variables is essential for optimizing
training outcomes, achieving fitness goals and reducing the risk
of overtraining (Kraemer and Ratamess, 2004).

Over the last few years, flywheel resistance training (FRT) has
gained a lot of relevance in the world of strength and conditioning
(Maroto-Izquierdo et al., 2017). This technology involves the use of a
rotating mass that stores and releases energy during exercise (de
Keijzer et al., 2022). Furthermore, practitioners can maximize the
training effect of flywheel resistance technology by generating
greater eccentric than concentric power outputs, a phenomenon
referred to as eccentric overload (Beato et al., 2020). In addition,
flywheel devices offer the possibility of performing specific and
multi-planar exercises, replicating sport actions (Raya-González
et al., 2021). These characteristics have caused flywheel
technology to be widely used in sports, most commonly in
football (Beato et al., 2021). Research has proven the effectiveness
of FRT in enhancing strength (Raya-González et al., 2021; Allen
et al., 2023), power (Raya-González et al., 2021; Allen et al., 2023),
change of direction (COD) (Coratella et al., 2019; Fiorilli et al.,
2020), countermovement jump (CMJ) (Allen et al., 2023) and sprint
performance (de Hoyo et al., 2015). In addition to the classical
training variables, FRT requires the management of other variables,
such as strap rewind height (Sabido et al., 2020), rope length (Sabido
et al., 2020) and loading conditions (Asencio et al., 2022).

Despite the effectiveness of FRT at improving athletes’
performance, supported by previous research (Beato et al., 2021),
only a few programming variables (mainly intensity/inertial load)
have been studied in the scientific literature. This scarcity of research
signifies a lack of knowledge about the optimal manipulation of basic
variables during a FRT program. Most studies (de Hoyo et al., 2015;
Sabido et al., 2018; Pecci et al., 2022) used a constant load approach
(same inertial load during FRT), finding improvements in different
performance variables such as the CMJ, sprint performance or 1RM
squat. To the authors’ knowledge there is only one study (Sabido
et al., 2017) that compared the effect of FRT on performance
variables in rugby players who were divided into two training
groups with different intensity during the intervention
(0.075 kg m2 and 0.025 kg m2, respectively). The study reported
1RM squat and CMJ improvements in both groups but no
improvement in COD and a possible decrease in sprint
performance at 0.075 kg m2. However, for the 0.025 kg m2 group
there were small changes in linear sprint and positive effects on the
agility T-test. Recently, Beato et al. (2021) proposed methodological
bases of flywheel periodization in team sports and the distribution of
training variables along the microcycle. Nevertheless, there is a need
to compare the effect between different types of FRT programs in
medium- and long-term adaptations.

Due to the lack of research on the possible effects of different
FRT programs, it is important to determine whether a change of
training intensity over time is needed during an FRT program. The

objective of this study is to compare two types of training programs
in sport performance tasks: variable intensity (VI) and constant
intensity (CI). We hypothesized that varying the intensity is
necessary to achieve medium-term performance adaptations and,
consequently, that the VI group will achieve higher levels of
performance than the CI group.

Materials and methods

Study design

This experimental study was carried out during 7 weeks of the
pre-season period (see Table 2). In Weeks 1 and 7, performance
assessments were performed. After a familiarization procedure and
testing, participants were divided into two groups differing in the
type of intensity distribution (VI and CI). For the VI group, inertial
load was changed from higher to lower (see Table 1), whereas for
the CI group, the inertial load was constant during all training
periods. Both groups trained with the same density and
total volume.

Participants

Seventeen (n = 17) amateur footballers in the Spanish third
division team took part in this study. Participants had at least 2 years
of experience in resistance training. Previous power analysis was
conducted to determine the appropriate sample size using Gp Power
(version 3.1.9.3, Dusseldorf, Germany). According to the study
design (2 groups, 2 repeated measures), a medium effect size f =
0.8, a correlation between measurements of r = 0.6, an α = 0.05, a
required power 1-β = 0.95, a sample of 16 participants was required
(actual power = 0.95).

Participants were assessed for their 1RM and subsequently
assigned to one of two homogeneous groups according to
player’s role and strength level based on their 1RM/body mass
(Haff and Triplett, 2021).

The VI group (n = 8; age = 22.00 ± 5.71 years; height = 1.82 ±
0.08 m; body mass = 76.20 ± 6.40 kg; 1RM = 132.48 ± 18.90; ratio
1RM/body mass = 1.74 ± 0.29) trained with decreasing inertial load
every four training sessions (0.12 kg·m2; 0.10 kg·m2; 0.08 kg·m2) and
the CI group (n = 9; age = 22.9 ± 7.2 years; height = 1.80 ± 0.04 m;
body mass = 75.66 ± 6.13 kg; 1RM 130.41 ± 19.87 kg; ratio 1RM/
body mass 1.80 ± 0.04) trained with 0.08 kg·m2 during the entire
training period. Participants provided written informed consent in
accordance with the Declaration of Helsinki and the study was
approved by the ethics committee of the host institution (Code:
ADH. DES.RSS.PAV.23).

Procedures

During the first week, participants were tested on three separate
sessions, with 72 h of recovery between sessions. On the first day,
descriptive (e.g., age, training level) and anthropometric data were
recorded for each participant. After that, jump tests and a 1RM
back-squat test were performed and participants completed a
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flywheel familiarization protocol (Sabido et al., 2020). On the second
day, participants conducted speed and COD tests and another
flywheel familiarization protocol. On the last day, a flywheel
squat exercise test was performed (see Figure 1).

Testing session 1: CMJ and 1RM

Data on the CMJ and 1RM back-squat test were collected
from the participants. A contact platform (Chronojump
Boscosystem) was used to assess the CMJ. Participants were
instructed to achieve their maximum jump height, with hands
on their hips, and to execute the descending phase at their
preferred depth. Three attempts were assessed and the best
trial was used for analysis.

Data on the 1RM back-squat exercise were obtained using a
linear encoder (T-Force System, Ergotech, Murcia, Spain) and a
software application was used to calculate the relevant kinetic
and kinematic parameters. For 1RM estimation, participants
performed a protocol previously described by Loturco et al.
(Loturco et al., 2016). Briefly, this consisted of starting from a
shoulder-width stance with the barbell positioned on the upper
back near the acromion and with the knees and hips fully
extended. Each participant descended until the thighs were
parallel to the ground and then they ascended to an upright
position. Participants started with a load representing 50% of
their body mass and thereafter the load was gradually increased
until the mean propulsive velocity was <0.5 m s. Using this
submaximal load, participants performed three maximal
repetitions and with the linear position transducer attached it
was possible to automatically estimate the 1RM of the athletes. A
4-min rest interval separated each test and the 1RM was
estimated based on movement velocity, as previously described.

Testing session 2: speed and COD

Acceleration, speed capacity and COD were evaluated on a grass
soccer field. To assess speed, the 10-m sprint and 30-m sprint were
performed. Participants stood 1 m behind the start line in a starting
position with the body leaned forward. Timing gates (Microgate,
Bolzano, Italy) were placed at the start (0 m), middle (10 m) and end
(30 m), with reflectors at 1 m height (Tous-Fajardo et al., 2016).
Participants were instructed to sprint at maximum speed for the
entire distance. Each participant performed three attempts, with
2 min of passive recovery. The best score was used for the analyses.

COD was tested using the modified 505 test (M505), which
involved two attempts of a 5-m sprint followed by a 180o COD and
return to the starting point, which is a common maneuver in many
sports (Raya-González et al., 2021). Timing gates (Microgate,
Bolzano, Italy) were positioned at the starting and finishing
points. Tests started on the “Go” command from a standing
position, with the front foot 0.2 m from the photocell beam
(Chaouachi et al., 2012).

Testing session 3: flywheel squat

On the last testing day, participants completed a flywheel squat
test with the flywheel device (VersaPulley, Iberian Sportech, Seville,
Spain), carrying out a maximum set of eight repetitions, with an
additional two initial repetitions needed to build momentum. The
inertial load used during the test was 0.08 kg·m2. Participants
performed two sets to warm up with a 2-min rest interval, a
protocol recommended by Sabido et al. (2017). During each
repetition the concentric and eccentric power (and their ratio)
were recorded using a linear encoder and subsequently analyzed
(SmartCoach Power Encoder, Europe AB, Stockholm, Sweden). The

TABLE 1 Training volume and intensity for the two groups. CI: constant intensity; VI: variable intensity; S: sets; R: repetitions; T: total repetitions.

Squat HORIZONTAL lunge
(total sets)

CI group VI group S R T S R T

Inertia 0.08 kg·m2 Inertia 0.12 kg·m2 Week 1 Session 1 3 6 18 2 6 12

Session 2 3 6 18 4 6 24

Week 2 Session 3 4 6 24 4 6 24

Session 4 4 7 28 4 6 24

Inertia 0.10 kg·m2 Week 3 Session 5 4 8 32 4 8 32

Session 6 4 8 32 4 8 32

Week 4 Session 7 4 8 32 4 8 32

Session 8 4 8 32 4 8 32

Inertia 0.08 kg·m2 Week 5 Session 9 4 8 32 4 8 32

Session 10 4 11 44 4 11 44

292 288

T: 580
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variables used for data analysis were peak concentric power (PPcon),
peak eccentric power (PPecc) and the eccentric overload (EO) ratio.

Training program

One week after the pre-test, participants started the training
program using a flywheel device. Both groups engaged in two
training sessions per week. The total volume of the training
program was equated and the widest part of the conical pulley was
chosen for setting the strap rewind height, aiming to maximize
movement velocity (Sabido et al., 2020) (see Table 1). The program
consisted of two exercises with different force vectors (vertical squat and
horizontal lunge; see Table 1) twice a week. After a general warm up,
each training session encompassed flywheel resistance exercises and a
general soccer injury prevention program (e.g., core stability, balance
and proprioceptive and hamstring eccentric exercises; see Table 2).
During each set, two initial repetitions were needed to build inertia
momentum and participants were instructed to perform each repetition
as fast as possible and to delay braking action until the last third of the
eccentric phase (Sabido et al., 2017). Rest intervals were standardized at
2 min, as specified by Sabido et al. (Sabido et al., 2018). The training
protocols exhibited variations in training intensity, with a focus on
either a conventional training block from high to low loads (G1) or
constant load (G2) approaches (see Table 1). AfterWeek 6, participants
completed the post-test procedure.

Statistical analysis

Statistical analyses were performed using SPSS statistics package
version 25.0 (IBM,NewYork,NY,United States of America). Following
the size of the sample, confirmation of data normality using Shapiro-
Wilk test was performed. Levene’s test for homogeneity of variances was
employed to assess the equality of variances across groups or conditions.
To assess the assumption of sphericity in repeated measures or within
subjects, Mauchly’s sphericity test was employed. The effectiveness of
each program (VI and CI) on the time was evaluated using a mixed
model (time per group) ANOVA. A Bonferroni post hoc test for
pairwise comparisons was conducted and the level of statistical
significance was set at p < 0.05. Individual data analysis was
presented using 2*SEM (Standard Error of the Mean) to establish
individual changes between responders and non responders athletes. To
assess the magnitude of the changes, Cohen’s d effect size (ES)
calculation was performed, with interpretations as trivial (<0.2),
small (0.2–0.5), moderate (0.5–0.8) and large (>0.8) (Ferguson, 2009).

Results

After confirm data normality, Levene’s test indicated
homogeneity of variances (p > 0.05). To present the results more
precisely according to the Mauchly’s test, Greenhouse-Geisser
criterion was selected to control Type I error rates.

FIGURE 1
Scheme of the pretest.
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The group factor showed that there were no significant
differences between groups in initial conditions, indicating two
homogeneous groups in all measured variables after balanced
assignment.

No significant differences were observed in the time × group
interaction (p > 0.05). The Time factor reported that there were
pre-to post-changes in performance variables (see Table 3).
Positive improvement in performance variables is shown by
the positive values of effect size. Both groups showed no
changes in CMJ height, M505-ND or 30-m sprint time.

Furthermore, both groups showed significant decreases in
M505-D.

However, in the 10-m sprint, the CI group showed significant
improvements (p = 0.04). There were also significant improvements
in the 1RM values for both groups (p < 0.01).

Finally, for the flywheel performance variables, both groups
showed increases in PPcon (VI: 9.42%; CI: 10.50%) and PPecc (VI:
13.80%; CI: 15.60%). Due to small sample size, to confirm the results,
individual target has been contrasted with an individual analysis
using 2xSEM (see Figure 2).

TABLE 2 Weekly training plan for the training period. LSG: long side games; MSG: medium side games; SSG: small side games.

Monday Tuesday Wednesday Thursday Friday Saturday Sunday

Week
1

Testing Testing Strength exercises
technique LSG–MSG

2x (5vs5) + 3

Strength exercises
technique LSG (11vs11)

3 × 12’

REST REST

Week
2

AM: Testing PM: Flywheel
training–Injury prevention
SSG-MSG (7vs7) 4 × 8’

LSG (11vs11) 3 ×
12’ Upper body
strength work

AM: Flywheel
training–Injury prevention

PM: Friendly match

Upper body strength
work

LSG–MSG 2 × 12’ Friendly
match

REST

Week
3

AM: SSG–MSG 4 × 6’ PM:
Flywheel training–Injury

prevention

LSG–MSG 2 × 12’
Upper body
strength work

AM: LSG (11vs11) 3 × 13’
PM: Flywheel

training–Injury prevention

MSG - SSG LSG–MSG 2 × 12’ Friendly
match

REST

Week
4

LSG–MSG 4 × 6’ Flywheel
training–Injury prevention

Friendly match MSG–SSG Flywheel
training–Injury prevention
Upper body strength work

MSG 4 × 6’ (5vs5) Friendly match REST REST

Week
5

SSG (4vs4)/(3vs3) 2 × 6 ×
1’/1’ Flywheel

training–Injury prevention

LSG–MSG Upper
body strength

work

MSG 4 × 6’ (5vs5) +
3 Flywheel training–Injury

prevention

LSG–MSG Upper
body strength work

2 × 12’

Friendly match Friendly
match

REST

Week
6

SSG (4vs4)/(3vs3) 2 × 6 ×
1’/1’ Flywheel

training–Injury prevention

LSG–MSG 2 × 12’
Upper body
strength work

Friendly match LSG–MSG Upper
body strength work

2 × 12’

SSG (4vs4)/(3vs3) 2 × 6 ×
1’/1’ Flywheel
training–Injury
prevention

Friendly
match

REST

Week
7

Testing

TABLE 3 Changes in performance after the variable intensity (VI) and constant intensity (CI) programs. CMJ: countermovement jump; M505-D: modified
505-Dominant side; M505-ND: modified 505 non-dominant side; 1RM: one-repetition maximum; PPcon: concentric peak power; PPecc: eccentric peak
power; EO: eccentric overload; %: percentage change; ES: effect size; CI: confidence interval; *: p < 0.05.

VI group (n = 8) CI group (n = 9)

Variable Pretest Posttest ES CI % Pretest Posttest ES CI %

CMJ (cm) 39.39 ± 4.29 37.94 ± 5.28 −0.30 (-0.58, −0,02) −3.68 42.20 ± 5.30 41.57 ± 4.90 −0.11 (-0.33, 0.11) −1.49

M505-D (s) 2.51 ± 0.06 2.61 ± 0.13* −1.29 (0.07, 2.51) 3.98 2.49 ± 0.06 2.62 ± 0.09* −1.83 (1.07, 2.60) 5.37

M505-ND (s) 2.58 ± 0.13 2.69 ± 0.23 −0.73 (-0.16, 1.62) 4.26 2.52 ± 0.06 2.62 ± 0.16 −1.32 (-0.42, 3.06) 3.79

SPRINT 10 m (s) 1.83 ± 0.09 1.80 ± 0.09 0.36 (-1.09, 0.36) −2.06 1.81 ± 0.09 1.74 ± 0.07* 0.72 (-1.34, −0.11) −4.02

SPRINT 30 m (s) 4.24 ± 0.17 4.30 ± 0.18 −0.31 (-0.09, 0.71) 1.41 4.16 ± 0.19 4.15 ± 0.16 0.05 (-0.38, 0.28) −0.24

1RM (kg) 134.47 ±
20.84

141.12 ±
26.17*

0.28 (0.11, 0.46) 4.94 132.23 ± 20.41 140.68 ± 21.53* 0.37 (0.07, 0.68) 6.39

PPcon (W) 1488.21 ±
338.14

1628.54 ±
312.85

0.37 (-0.13, 0.87) 9.42 1635.11 ± 443.37 1808.24 ± 395.62 0.35 (0.08, 0.63) 10.50

PPecc (W) 1866.67 ±
531.74

2120.32 ±
573.33

0.42 (-0.08, 0.93) 13.58 1988.74 ± 448.68 2299.68 ± 465.61 0.63 (0.13, 1.12) 15.60

EO 25.18 ±
24.52

30.03 ±
19.13

0.18 (-0.43, 0.79) 19.26 29.68 ± 34.26 28.40 ± 15.42 −0.03 (-0.59, 0.53) −4.31
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Discussion

This study aimed to compare the effects of VI and CI FRT
programs on soccer players’ fitness performance. The main findings
of this research are: the VI and CI groups have similar improvements in
the 1RM variable; the CI group shows significant improvement for the
10-m sprint; and no difference was observed in the other variables apart
from a significant decrease in M505-D.

Previous studies have reported the relationship of the 1RM squat
with different performance tests in soccer (Requena et al., 2009; Comfort
et al., 2014) and its influence on players’ performance (Owen et al., 2015;
Wing et al., 2020). The benefits of FRT obtained in our study are similar
to previous works (Fernandez-Gonzalo et al., 2014; Sabido et al., 2017;
Sagelv et al., 2020). Thus, the inclusion of FRT can be an optimal way to
improve maximal strength in lower limbs, optimizing sprinting (De
Hoyo et al., 2016) and jumping (Wisløff et al., 2004), as a tool to improve
match actions (Wing et al., 2020) or as an indicator of fatigue recovery
after competition (Owen et al., 2015). The benefits mentioned for sprint
performance have been observed in our results over short distances and
are very important in soccer (Chelly et al., 2010). Individual outcomes
surpassing twice the value of SEM for the 10-m sprint test and flywheel
squat power values indicate substantial performance changes according
to the previous statistical analysis. These results agree with previous
studies using FRT (Núñez et al., 2018; Suarez-Arrones et al., 2018;
Coratella et al., 2019; Sagelv et al., 2020; Raya-González et al., 2021).
Although the trend to improve the 10-m sprint test is observed in both
groups, only the CI group obtained a significant difference after training.
This finding could be due to the CI group using lower inertial loads.
These results are relevant because sprint ability is one of the most
important performance variables in soccer (Castillo et al., 2020), being

linked to soccer-specific tasks both in defensive and offensive actions
(Mara et al., 2017; Cochrane andMonaghan, 2021). According to Sabido
et al. (Sabido et al., 2018), lower inertial loads are a better option for
eliciting high concentric peak power output values, and, according to our
results, a low loadwhere high power is produced can be the best choice to
optimize short-sprint ability. For this reason, the increases in PPcon and
PPecc are greater in the CI group compared to the VI group (10.50% vs.
9.42% and 15.60 vs. 13.58 in PPcon and PPecc, respectively). Accordingly,
recent research (Asencio et al., 2024) shows that lower inertial loads can
be optimal for trained subjects to obtain themaximal power values in the
concentric and eccentric phases during squat exercises in FRT.

Studies on FRT have reported that this methodology can be very
useful for improving jumping ability, COD and sprint tasks in soccer
players (Gonzalo-Skok et al., 2017; Coratella et al., 2019; Fiorilli et al.,
2020). Nevertheless, our results show that the CMJ, COD and 30-m
sprint did not improve in any of the groups after ten sessions of FRT, and
even worse values were found forM505-D. These results are in line with
individual analysis, showing a similar or high number of non-responders
for several tests. Two reasons may explain the results obtained in our
study. On the one hand, the absence of complementary training to
improve jump ability has been proposed by Pecci et al. (Pecci et al.,
2022), who also did not find significant differences with female soccer
players in CMJ height after 6 weeks of FRT. Thus, complementary tasks
must be combined with FRT to obtain possible benefits in jump or COD
abilities. On the other hand, the main hypothesis for these results is
neuromuscular fatigue due to the high number of friendly matches
(Hernández-Davo et al., 2022). The purpose of investigating in an
ecological context implied different changes in the FRT program and
the impossibility of resting at 72 h from the last match to the final tests
(De Hoyo et al., 2016; Romagnoli et al., 2016).

FIGURE 2
Individual results of different fitness testing. Athletes were divided into responders and non-responders based on 2xSEM criteria.
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To the authors’ knowledge, this is the first study to compare the
effects of two different FRT programs (VI and CI) on sports
performance. Despite this, our study has some limitations. Firstly,
the training volume and friendly matches calendar were very high,
so it may not be possible tominimize post-match fatigue levels (Nédélec
et al., 2012). Secondly, even though each player completed at least ninety
percent of the sessions, the player role and external training loadmay be
influencing the results. Thirdly, no control group was included because
FRT was considered an important variable not only for optimizing
strength in players but also for reducing the probability of injury. For
this reason, and to have a greater number of players in each group, a
control group was not considered in this study. Finally, after training
protocol no anthropometrical mesurements (i.e., body mass) were
recorded. As previous research shown, the values of post-test can be
conditioned by anthropometric changes (Koźlenia et al., 2020;
Popowczak et al., 2021).

The findings of this study have a number of practical
implications. Present findings suggest that VI and CI training
improved strength levels. In addition, CI group showed
significant improvements in the 10-m sprint. However, probably
another type of training load (e.g., lower intensity and volume or
complementary training) is needed to maximize performance in
specific tasks such as the CMJ or COD test. Furthermore, it is
necessary to control the fatigue levels and friendly matches calendar
in pre-season periods in order to achieve functional overreaching.
Thus, strength and conditioning coaches of soccer players with high
1RM/body mass ratio should to individualize FRT programs using
CI (medium and lower inertias) and perform complementary
training in promoting specific soccer performance improvements.
Due to competitive density of most team-sports with short pre-
season periods, this study concludes how to optimize performance
outcomes using FRT in short periods of time (i.e., ten sessions
during 5 weeks).
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The association between
unilateral and bilateral
performance-related measures in
elite female soccer players: a
multifaceted investigation
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Czechia, 4Faculty of Sport and Physical Education, University of Sarajevo, Sarajevo, Bosnia and
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Purpose: The present study aimed to investigate a) the associations between
bilateral performance utilizing countermovement jump (CMJ), squat jump (SJ),
speed and unilateral CMJ, isokinetic peak torque in knee extension and flexion
with angular velocities of 60°/s and 180°/s and tensiomyography (TMG)
parameters; b) whether the asymmetries derived from unilateral tests are
associated with bilateral CMJ, SJ and speed in elite female soccer players.

Methods: Thirty-five elite female soccer players (average age: 20 ± 5 years)
completed CMJ, SJ, speed, isokinetic muscle strength and TMG tests.

Results: Compared to the non-dominant leg, the dominant leg demonstrated
greater peak torque output in both knee flexion (7.4%) and knee extension (5.6%)
isokinetic tasks, as well as m. vastus medialis contraction time (7.6%), and soccer-
specific agility test (4.1%). Conversely, the hamstring to quadriceps peak torque
ratio at 180°/s (8.5%) was significantly greater in the non-dominant leg. The
associations between CMJ, SJ and speed performance were positive and ranged
from weak (r = 0.350) to high (r = 0.710). For speed and TMG-derived variables,
correlations were negative and ranged from weak (r = −0.345, p = 0.042, for
vastus medialis contraction time) to moderate (r = −0.530, p = 0.001, for biceps
femoris contraction time). Furthermore, both bilateral CMJ and SJ negatively
correlated with TMG-derived variables, ranging fromweak (r = −0.350, p = 0.039,
for vastus lateralis contraction time) tomoderate (r= −0.537, p= 0.003, for rectus
femoris contraction time).

Conclusion: The overall significant, albeit inconsistent, correlations between the
diverse performance scores obtained highlight the necessity for a multifaceted
and thorough diagnostic strategy in female soccer players.

KEYWORDS

TMG, neuromuscular function, physical function, strength, women’s football, power,
running speed and agility, muscle contractile properties
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1 Introduction

Muscle power is an important factor in successful rapid
movement performance like jumping, sprinting, and kicking
(Newton and Kraemer, 1994). Such movements generally require
optimal inter-limb balance (Bishop et al., 2018), regardless of lateral
preference. Previous authors found >10% asymmetry in peak power
tended to decrease jumping ability (Bell et al., 2014). Lateral
preference, common among the vast majority of individuals
(Annett, 1972), and repeated unilateral sporting activities can
lead to muscle asymmetry (Heil et al., 2020). In recent years, an
increasing number of studies have examined the relationship
between muscle characteristics and their asymmetries and also
between sprint and jumping ability (Gil et al., 2015; Bishop et al.,
2021; Loturco et al., 2019; Bishop, Coratella, et al., 2021).

Many authors have sought to determine different muscle
characteristics and the relationship between different testing
methods but have come to different conclusions. For example,
several studies (Binet et al., 2005; Almuzaini and Fleck, 2008;
Križaj et al., 2019) found weak to high significant positive
correlation coefficients (ranging 0.31–0.71) between isokinetic
knee extension peak torque and vertical jump performance whilst
others reported none (Atabek et al., 2009) or weak insignificant
negative correlation coefficients (−0.12) (Maly et al., 2013). Similar
discrepancies are present in studies using tensiomyography (TMG)
with the same objective (Gil et al., 2015; Loturco et al., 2018; Pereira
et al., 2018; Lewis et al., 2022). TMG is a recent method for
evaluating the contractile properties of superficial skeletal muscles
(Paravlić et al., 2017). It assesses radial muscle deformation caused
by electrical stimuli (Paravlić et al., 2020) and provides valuable
parameters related to muscle function and structure (Macgregor
et al., 2018). One of the mostly reported and clinically important
TMG-derived variables are presented through the time of
contraction (Tc) and displacement measure (Dm) (Pišot et al.,
2008; Šimunic et al., 2011; Paravlić et al., 2022). In contrast to
established methods like isokinetic dynamometry and force plates,
TMG’s neuromuscular assessment is not influenced by factors like
motivation or voluntary effort, which can influence athletic
performance (Macgregor et al., 2018; Paravlic et al., 2022). For
example, Loturco et al., 2015 and Pereira et al., 2018 found a
significant moderate negative correlation between TMG
parameters and vertical jump performance. In contrary, Gil et al.,
2015 and Lewis et al., 2022 found non-significant correlation
between aforementioned variables. These variations may be due
to differences in the population evaluated, the TMG measurement
technique including measuring point and the electrode positioning,
and, most likely, evaluated muscles. Consequently, Loturco et al.,
2015 claimed that TMG can discriminate endurance and power
athletes whereas Lewis et al., 2022 state the opposite. Consequently,
unclear findings in team sports and limited evidence in female soccer
players emphasize a need for further investigation in this area.

Although the investigation of inter-limb asymmetry is not a new
concept in sports science, researchers have recently intensified their
efforts to explore the relationship between asymmetries and athletic
performance. A systematic review (Bishop et al., 2018) reported
inconsistent findings regarding asymmetry prevalence and its effects
on athletic performance. Nevertheless, the literature as a whole
indicates there is a high prevalence of muscle asymmetry. This has

been measured and found using sports specific tasks (Lockie et al.,
2014), dynamometry (Križaj et al., 2019), tensiomyography (Gil
et al., 2015), anthropometry (Trivers et al., 2014), in general
population (Maloney, 2019) and in the physically active
individuals (Lockie et al., 2014).

Athletes in team sports such as soccer primarily use their
dominant leg for technical actions like ball control, dribbling,
passing, and shooting. Consequently, numerous studies have
investigated how inter-limb asymmetry relates to bilateral
performance in this population, aiming to enhance
understanding and inform strength and conditioning practices
(Križaj et al., 2019; Beato et al., 2021; Bishop, Coratella, et al.,
2021; Fox et al., 2023). These athletes were required to perform
activities demanding maximal lower body strength and power
exertion, including jumps, sprints, twists, and rapid and frequent
changes of direction. While soccer involves diverse motor skills,
strength and power-related measures are deemed the most
critical for successful play (Wisløff et al., 2004) and
consequently the most frequently evaluated. It has been
suggested that asymmetries in strength seem to negatively
affect sport-specific performance like change of direction,
sprinting, cycling and kicking (Ličen and Kozinc, 2023).
Additionally, an increasing number of studies underline the
importance of evaluating asymmetry in the realm of injury
prevention. It has been shown that inter-limb asymmetry and
injury risk might be related (Helme et al., 2021).

Within the body of soccer asymmetry studies, female soccer
players participated in just a few of them. Considering the
existence of gender differences (Haizlip et al., 2015) it is clear
that the lack of asymmetry studies involving female soccer
players precludes clear information regarding asymmetry and
performance association. The lack of studies on high-
performance female athletes limits the ability to apply
research findings to the real world and consequently
practitioners are often failing to maximize the performance
potential of females because applying findings observed on
male athletes to female athletes may be erroneous (Emmonds
et al., 2019). Nevertheless, few published papers showed
asymmetry direction appears highly variable (Bishop et al.,
2020), task-specific (Raya-González et al., 2021), and reported
a negative association between asymmetry and sprinting and
jumping performance (Bishop, Read, et al., 2021). These findings
emphasize the need for further research in this field.

Therefore, the present study aim was twofold. Firstly, to
investigate the associations between different bilateral and
unilateral power/strength-related performance tests and TMG-
derived parameters. Secondly, to investigate whether the
asymmetries in countermovement jump (CMJ) height, isokinetic
strength testing (knee flexion and knee extension at 60°/s and 180°/s)
and TMG are associated with bilateral CMJ height, squat jump (SJ)
height and speed in elite female soccer players.

2 Methods

In the conceptualization phase of the study, we conducted a
power analysis using the G*Power (Faul et al., 2007). Based on
previous study with similar design (Gil et al., 2015) we expected to
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find medium correlation between TMG derived parameters and
jumping performance (0.5) with power of 0.90 and α = 0.05, two-
tailed, which calculated a sample size of 34 participants.

Thirty-five female soccer players (average age: 20 ± 5 years; body
height 169.2 ± 6.9 cm; body mass 63.4 ± 7.0 kg; body mass index
22.1 ± 1.4 kg/m2) members of the Slovenian National Football Team
(Tier 4: Elite level) (McKay et al., 2022) were assessed at the
beginning of the new 2021/2022 soccer season. They were
advised not to have strenuous workouts for at least 48 h before
the assessment, which was monitored by the team staff. Before the
initial assessment, a brief meeting was held to explain the study
protocol in detail where the written consent of each athlete was
obtained. Based on data collection performed by physician, all
players were physically healthy, without acute pain, and serious
lower limb injuries for at least 1 year. All the participants were
informed of the study procedures and provided written informed
consent prior to participation. All procedures were approved by an
institutional Human Research Ethics Committee (approval decision
number: 25:2021) and research was conducted according to Helsinki
declaration. Procedures.

A cross-sectional cohort study examined neuromuscular
performance and limb differences with corresponding
asymmetries in elite female soccer players. Athletes arrived at the
testing facility at 8 a.m. and abstained from alcohol and caffeine
consumption for at least 24 h prior to testing. All measurements
were performed in the following order: basic anthropometry, TMG
assessment, SJ, CMJ, speed, agility test, and maximal isometric
strength. After the TMG assessment, athletes performed a
standardized warm-up protocol by an experienced kinesiologist.
For all tests, leg dominance was defined as the kicking leg. All
athletes were familiar with the study procedures, having undergone
the same battery of tests once per year for a minimum of 2 years
before they were recruited for the current investigation. These
assessments were conducted as part of regular, periodic
measurements at the Institute of Sport, Faculty of Sport,
University of Ljubljana.Body mass and height were measured
using a stadiometer and scale anthropometer (GPM, Model 101,
Zurich, Switzerland) to the nearest of 0.1 cm and 0.05 kg,
respectively.

The contractile properties of the individual muscles were
assessed by the non-invasive TMG method. We measured knee
flexor and extensor muscles bilaterally. Therefore, m.biceps femoris
(BF) assessment was performed while prone at rest at a knee angle
set at 5° knee flexion; whereas the vastus lateralis (VL), vastus
medialis (VM), and rectus femoris (RF) were measured while
supine at rest at a knee angle set at 30° knee flexion. The well-
established methodology was used as previously described (Paravlic
et al., 2022). Briefly, following an electrically induced isometric
twitch, the radial displacement of the muscle belly was recorded
at the skin surface using a sensitive digital displacement sensor
(TMG-BMC, Ljubljana, Slovenia). The sensor was set perpendicular
to the skin normal plane above the muscle belly as recommended
previously (Delagi et al., 2011). The rounded (5-cm diameter) self-
adhesive cathode and anode (Axelgaard, Aarhus, Denmark) were set
5 cm distally and 5 cm proximally to the measuring point, on all
muscles assessed. Electrical stimulation was applied through a
TMG-100 System electro stimulator (TMG-BMC d.o.o.,
Ljubljana, Slovenia) with a pulse width of 1 ms and an initial

amplitude of 20 mA. During each measurement, the amplitude
was progressively increased by 20 mA increments until there was
no further increase in the amplitude of the TMG response (Dm),
which was usually accompanied by the maximal stimuli of 110 mA.
Rest periods of 30 s were given between each stimulus in order to
minimize the effects of fatigue and potentiation. More detailed
testing procedures were previously described elsewhere (Paravlić
et al., 2017). From two maximal twitch responses, several TMG
parameters were calculated, as follows: delay time (Td) as time from
an electrical impulse to 10% of the maximal displacement amplitude
(Dm); contraction time (Tc) as time from 10% to 90% of Dm; sustain
time (Ts) as time from 50% to 50% of Dm; and half-relaxation time
(Tr) as time from 90% to 50% of Dm. Additionally, the index
representing the velocity of contraction (Vc) was calculated using
Eq. 1 (Loturco et al., 2016):

Vc � Dm

Td + Tc
mm/ms( ) (1)

Moreover, the TMG proposed the algorithm for calculating the
functional symmetries which was implemented in the current
investigation was calculated using Eq. 2.

FS � 0.1x
MIN AVERAGE TdRF;TdVL;TdVM( );TdBF( )
MAX AVERAGE TdRF;TdVL;TdVM( );TdBF( )

+ 0.8x
MIN AVERAGE TcRF;TcVL;TcVM( );TcBF( )
MAX AVERAGE TcRF;TcVL;TcVM( );TcBF( )

+ 0.1x
MIN AVERAGE TrRF;TrVL;TrVM( );TrBF( )
MAX AVERAGE TrRF;TrVL;TrVM( );TrBF( )

x 100 (2)
where FS represents a functional symmetry, MIN—the minimum
and MAX–the maximum.

A 30-m distance was selected to evaluate sprint performance.
Participants performed 2 maximal sprint efforts over the distance of
30 m in an indoor sports hall with a 3-min rest period between trials.
The fastest trial was used for further analyses. Players were verbally
encouraged to sprint as fast as possible during each trial. Sprint
times, and therefore maximal running speed was recorded to
0.001 mm/s accuracy by a laser distance measuring device
(Artech LDM 301, Rostock, Germany).

The soccer-specific change of direction test (SSCOD) is
recently newly developed agility assessment tool which showed
to have high levels of reliability and discriminative validity (Krolo
et al., 2020). In brief, a test is performed on the 10 m square
field. It starts with the players running with maximal effort to
the first cone placed at 1 m distance from the start,
following which they need to run at maximal speed in the
direction of the second cone placed diagonally (left and right),
3 m away. Then, the players need to kick the ball on the goal with
the inside foot and turn back through the starting gate as quickly
as possible. All the players were tested on the same pattern
and performed two trials for each side, whereas first running
in the direction of the cone placed on the left side, and secondly
to the right side. The change of direction (i.e., running to the left
or right-side placed cone) was predetermined. The time was
measured using one pair of electronic timing system
sensors (Witty Timing System, MicroGate, Bolzano), with the
nearest of 0.1 s, while the average of two trials was taken for
further analysis.
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Jumping ability was assessed by vertical jump tests, using
bilateral force plate (model 9260AA6, Kistler, Winthertur,
Switzerland) with Kistler MARS software to record ground
reaction force data. Before the actual test a 2–3 warm-up squat
jumps, bilateral countermovement jumps (CMJb), and unilateral
CMJ (CMJu) with hands placed on the hips were executed, followed
by actual maximal jump trials. Test execution was supervised and
verbally encouraged by an experienced researcher to improve
proficiency in jumping technique. Jumps were repeated after a
60-s rest period, until three valid SJ, CMJb and CMJu jumps
were achieved. In total, the number of trials at each jumping
condition ranged from three to five. Subjects were instructed and
verbally encouraged to maximize their jump height. The depth
position during both SJ and CMJ was self-preferred. Jump height
was calculated by vertical velocity of the center of mass at take-off.
Finally, the jump with the highest jump height was taken for further
analysis (Moir, 2008).

Isokinetic strength testing was performed on an isokinetic
dynamometer (Biodex 4, Medical System, NY, United States)
with the Advantage software. Standard leg attachment was used.
The test was performed with the participants in the sitting position,
strapped with belts across the chest, pelvis and test leg thigh to
minimize body movement and compensation of other muscles. The
dynamometer axis of rotation was aligned with the knee’s joint axis
of rotations using lateral epicondyle as an anatomic mark. The range
of motion was 60° (from 90° to 30° of knee flexion with full knee
extension being 0°). Before the testing, each subject performed 5 to
ten submaximal knee extension and flexion concentric contractions
at 60°/s as part of a specific warm-up. The testing procedure
consisted of 5 consecutive knee extension and flexion repetitions
at 60°/s and 10 at 180°/s. There was a 2-min break between the
velocities. Participants were verbally encouraged by the investigator
to perform the test as hard and as fast as possible. Visual feedback
was provided throughout the test on the dynamometer monitor. The
isokinetic torques for the quadriceps and the hamstrings at each
angular velocity (60°/s and 180°/s) were first normalized to the
subject’s body mass. We then calculated the isokinetic H:Q ratios
at both angular velocities using Eq. 3.

H: Q � peak hamstrings torque

peak quadriceps torque
× 100 (3)

3 Inter-limb asymmetry analysis

The mean inter-limb asymmetries were computed for CMJu,
isokinetic strength, SSCOD test, and TMG variables by using the
Eq. 4:

Inter − limb asymmetry � 100 – MINvalue( )/ MAXvalue( )( ) × 100

(4)

4 Statistical analysis

Statistical analyses were performed using SPSS statistical
software (version 27.0, IBM Inc, Chicago, United States). All data
are presented as mean ± SD. Descriptive statistics were used to

summarize player general characteristics and all outcome measures.
Normality was confirmed by visual inspection and using the
Shapiro-Wilk test. Inter-limb differences were assessed by the
Student t-test. Conversely, a Wilcoxon signed rank test was used
for the comparison of variables not following a normal distribution.
Hedges’ g effect sizes (ES) with 95% confidence intervals were
calculated to show practical differences between legs and were
interpreted as: trivial: <0.20, small: 0.20–0.50, moderate:
0.50–0.80, or large: >0.80 (Lovakov and Agadullina, 2021). The
Pearson correlation was used to analyze the relationship between the
variables of interest that followed a normal distribution. If otherwise,
the correlation was analyzed using nonparametric Spearman’s rho.
The following thresholds of the correlation coefficient were used to
assess magnitude of the relationships analyzed: weak ≤0.35;
0.36≤moderate<0.67; 0.68≤ high <1 (Taylor, 1990). Statistical
significance for all analyses was accepted at p ≤ 0.05.

5 Results

A total of thirty-five players were measured, with the right leg
defined as dominant in thirty players. On average, players jumped
29.0 ± 5.1 cm and 30.1 ± 5.8 cm from the CMJb and SJ, respectively,
while maximum running speed was 7.7 ± 0.4 m/s.

5.1 Inter-limb comparisons

Table 1 shows comparisons between dominant and non-
dominant legs with the resulting asymmetries for all measures
assessed. A significant difference (small ES = 0.47, p = 0.008) was
observed in the soccer-specific change of direction test, where
players took less time to complete the test when they changed
direction towards the dominant side. In addition, compared to the
non-dominant leg, the dominant leg showed greater values for knee
extension torque at 60°/s (small ES = −0.43, p = 0.014), peak knee
flexion torques at both angular velocities 60°/s (small ES = −0,36, p =
0.038) and 180°/s (small ES = −0.47, p = 0.009), while the HQ peak
torque ratio at 180°/s was lower for the dominant leg (small
ES = −0.42, p = 0.018). As for the TMG variables, only the
contraction time of the VM was shorter on the dominant side
(small ES = −0.46, p = 0.011). A detailed inter-limb comparison of
the CMJ-derived parameters between dominant and non-dominant
legs are presented in Supplementary Table S1.

5.2 The interrelationship between
countermovement jump, squat jump,
maximum running speed, and different
isokinetic peak torque testing parameters

Table 2 shows the correlations between CMJ, SJ, Maximum
running speed on 30°m distance (MRS30), and various isokinetic
peak torque test parameters performed with dominant and non-
dominant legs. For CMJb, significant correlations were observed for
most of the variables studied, ranging from weak (r = 0.354, p =
0.037, for dominant leg H/Q at 60°/s) to moderate (r = 0.482, p =
0.005, for dominant knee extension peak torque at 180°/s). For SJ, a
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TABLE 1 Inter-limb comparison of the soccer-specific change of direction test, countermovement jump, squat jump, isokinetic strength and tensiomyography-derived parameters between dominant and non-
dominant legs in elite female soccer players.

Variables Non-
dominant leg

Dominant leg Inter-limb
asymmetries (%)

Inter-limb comparison

Unilateral tests Mean SD Mean SD Mean SD t or Z value p-value Hedges’s g LCI UCI

Agility

Soccer specific COD test (s) 2.67 0.16 2.61 0.14 4.02 2.59 2.838 0.008 0.47 0.12 0.82

Strength and power

CMJ unilateral (cm) 14.1 3.5 14.3 3.3 8.55 5.59 −0.847 0.397 −0.10 −0.43 0.23

Knee extension peak torque at 60°/s (Nm/kg) 2.68 0.29 2.76 0.27 5.55 4.42 −2.586 0.014 −0.43 −0.77 −0.09

Knee flexion peak torque at 60°/s (Nm/kg) 1.36 0.19 1.41 0.20 7.36 6.06 −2.159 0.038 −0.36 −0.70 −0.02

HQ peak torque ratio at 60°/s (%) 51.33 7.64 51.04 7.33 6.96 5.56 −0.353 0.726 −0.06 −0.39 0.27

Knee extension peak torque at 180°/s (Nm/kg) 1.86 0.23 1.88 0.23 5.76 3.80 −0.622 0.538 −0.10 −0.43 0.23

Knee flexion peak torque at 180°/s (Nm/kg) 0.99 0.18 1.05 0.20 8.19 7.06 −2.788 0.009 −0.47 −0.81 −0.12

HQ peak torque ratio at 180°/s (%) 55.92 8.18 53.30 5.73 8.47 6.03 −2.375 0.018 −0.42 −0.76 −0.07

TMG parameters

Biceps Femoris Tc (ms) 28.64 5.22 28.34 4.96 10.43 8.01 −0.033 0.974 0.07 −0.26 0.40

Rectus Femoris Tc (ms) 29.25 4.10 28.52 3.73 8.23 5.93 −1.245 0.213 0.22 −0.11 0.55

Vastus Lateralis Tc (ms) 20.59 1.74 20.86 1.92 6.57 4.49 −1.097 0.272 −0.15 −0.48 0.18

Vastus Medialis Tc (ms) 24.06 2.31 23.08 2.56 7.64 5.06 −2.539 0.011 0.46 0.11 0.81

Biceps Femoris Vc (mm/ms) 0.08 0.03 0.08 0.03 46.44 16.16 0.230 0.819 0.04 −0.29 0.37

Rectus Femoris Vc (mm/ms) 0.13 0.04 0.13 0.04 14.24 11.49 −0.974 0.337 −0.16 −0.49 0.17

Vastus Lateralis Vc (mm/ms) 0.12 0.03 0.12 0.02 12.00 6.58 −1.335 0.191 −0.22 −0.55 0.11

Vastus Medialis Vc (mm/ms) 0.14 0.03 0.15 0.02 9.56 6.68 −0.642 0.525 −0.11 −0.44 0.22

Functional Knee symmetry (%) 83.97 9.33 81.08 7.29 8.21 6.67 −1.933 0.053 0.32 −0.02 0.65

CMJ, countermovement jump; HQ, hamstring to quadriceps peak torque; LCI, lower confidence interval; UCI, upper confidence interval. Bold values represent significant difference.
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significant correlation was also observed, ranging from weak (r =
0.345, p = 0.042, for dominant knee extension peak torque at 180°/s)
to moderate (r = 0.532, p = 0.001, for non-dominant knee flexion
peak torque at 180°/s). Finally, for the maximal running speed,
correlations ranged from slightly moderate (r = 0.363, p = 0.032, for
dominant knee extension peak torque at 60°/s) to moderate (r =
0.563, p < 0.001, for non-dominant knee flexion peak torque at
180°/s).

5.3 The interrelationship between
countermovement jump, squat jump,
maximum running speed, and different
tensiomyography-derived parameters

Table 3 and Table 4 shows the correlations between CMJ, SJ,
MRS30 and various tensiomyography-derived parameters
performed with dominant and non-dominant legs. For CMJb,
significant correlations were observed only for a few variables
studied, ranging from moderate (r = 0.337, p = 0.048, for
dominant leg BF Vc) to moderate (r = 0.537, p = 0.001, for non-
dominant leg RF Tc). For SJ, a significant correlation was also
observed, ranging from weak (r = −0.354, p = 0.037, for non-
dominant leg BF Tc) to moderate (r = −0.512, p = 0.002, for
dominant leg BF Tc). Finally, for MRS30, correlations ranged

from weak (r = −0.345, p = 0.042, for dominant leg VM Tc) to
moderate (r = −0.530, p = 0.001, for non-dominant leg BF Tc). A
comprehensive presentation of the association between bilateral
CMJ-derived parameters and TMG-derived parameters are
presented in Supplementary Figure S1, S2.

6 Discussion

The present study investigated associations between different
bilateral and unilateral performance-related screening tests.
Moreover, we addressed the question, whether the inter-limb
asymmetries detected by CMJ, isokinetic strength and TMG are
associated with bilateral performance assessed by CMJ, SJ and speed
in elite female players. At first, we observed significant inter-limb
asymmetries in favor of dominant side for peak torque output in
both knee flexion (7.4%) and knee extension (5.6%) isokinetic tasks,
as well as VM contraction time (7.6%), and soccer specific agility test
(4.1%). On the other side, the H:Q peak torque ratio at 180°/s was
significantly greater (8.5%) in non-dominant leg. Considering the
“10% rule” suggested by Bishop and colleagues (Bishop, Coratella,
et al., 2021), we may conclude asymmetries we found were in line
with previous studies (Ruas et al., 2015; Loturco et al., 2019)
supporting the fact that inter-limb asymmetries in football
players of both sexes, are smaller than the borderline values

TABLE 2 Correlation between countermovement jump, squat jump, maximum running speed and different isokinetic peak torque testing parameters
performed with dominant (Dom) and non-dominant (Ndom) legs in elite female soccer players.

CMJb SJ MRS30m CMJu Ndom CMJu Dom SSCOD Ndom SSCOD Dom

SJ .795**

MRS30m .649** .710**

CMJu Ndom .837** .673** .654**

CMJu Dom .776** .646** .583** .901**

SSCOD Ndom −0.33 −0.309 −.521** −0.264 −0.228

SSCOD Dom −0.243 −.360* −.427* −0.043 0 .692**

KET60 Ndom 0.213 0.134 0.193 0.272 0.285 −0.251 0.099

KET60 Dom 0.168 0.167 0.089 0.278 .375* −0.106 0.25

KF60 Ndom .454** .402* 0.313 .412* .422* −0.294 −0.176

KF60 Dom .467** .493** .363* .498** .531** −0.016 0.05

KET180 Ndom .448** .399* .524** .546** .463** −.377* −0.108

KET180 Dom .482** .345* .437** .566** .588** −0.329 0.043

KF180 Ndom .467** .532** .563** .558** .437** −.458** −0.313

KF180 Dom .411* .402* 0.27 .419* .375* −0.293 −0.147

HQr60 Ndom .354* .368* 0.321 0.318 0.256 0.053 −0.142

HQr60 Dom 0.291 0.296 0.187 0.212 0.206 −0.091 −0.267

HQr180 Ndom 0.139 0.225 0.004 0.084 −0.002 −0.092 −0.21

HQr180 Dom 0.234 .390* 0.303 0.263 0.176 −0.308 −.389*

Dom, dominant leg; Ndom, Non-dominant leg; CMJb, bilateral countermovement jump; CMJu, unilateral countermovement jump; SJ, squat jump; MRS30 m, Maximum running speed on

30 m distance; SSCOD, soccer specific change of direction test; KET60, Knee extension peak torque at 60°/s; KET180, Knee extension peak torque at 180°/s; KF, knee flexion peak torque; HQr,

Hamstring to quadriceps peak torque ratio. Bold values represent significant difference.
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proposed (Ruas et al., 2015). Interestingly, although similar
asymmetry levels were observed in previous studies recruiting
male soccer players (Daneshjoo et al., 2013; Menzel et al., 2013),
we found that the preferred kicking leg outperformed
contralateral leg in both knee extension and flexion strength
task, which is opposite to aforementioned studies recruiting male
soccer players (Daneshjoo et al., 2013; Menzel et al., 2013). This
phenomenon has been observed elsewhere in female athletes
(Risberg et al., 2018; Eustace et al., 2019) and identified as a
potential risk factor for a more frequent occurrence of anterior
cruciate ligament injuries in female soccer players (Brophy et al.,
2010). The mechanics behind this adaptation has been previously
described and include factors like anthropometric, physiological

and gameplay differences between male and female soccer
(Pedersen et al., 2019).

Another interesting observation in current study were variations
in force-time strategies between the dominant and non-dominant
legs, despite achieving similar jump performance (Supplementary
Table S1). Specifically, the non-dominant leg exerted a higher
maximal force relative to body weight (183.9% BW vs. 179.3%
BW), greater average force (916.1 N vs. 900.6 N), and spent less
time in the push-off phase (0.34 s vs. 0.36 s) than the dominant leg.
This suggests that athletes may have reached a greater depth position
during the CMJ with the non-dominant leg. This could be attributed
to biomechanical and neuromuscular differences between the
dominant and non-dominant legs which may have importance in

TABLE 3 Correlation between countermovement jump, squat jump, maximum running speed and different tensiomyography-derived parameters
performed on dominant (Dom) and non-dominant (Ndom) legs in elite female soccer players.

CMJb SJ MRS30m BF Tc
Ndom

BF
Tc
Dom

RF Tc
Ndom

RF
Tc
Dom

VL Tc
Ndom

VL
Tc
Dom

VM Tc
Ndom

VM
Tc
Dom

SJ .795**

MRS30m .649** .710**

BF Tc
Ndom

−0.33 −.354* −.530**

BF
Tc Dom

−.526** −.512** −.497** .660**

RF Tc
Ndom

−.537** −.387* −0.223 .335* 0.29

RF
Tc Dom

−.459** −.425* −.406* .353* .370* .667**

VL Tc
Ndom

−0.277 −0.105 −0.133 0.243 0.146 .486** .353*

VL
Tc Dom

−.350* −0.198 −0.271 .527** .473** .519** .535** .536**

VM Tc
Ndom

−.519** −.439** −.392* .492** .396* .482** .432** .513** .401*

VM
Tc Dom

−.487** −0.289 −.345* 0.291 0.278 0.317 0.243 0.274 0.214 .637**

BF Vc
Ndom

0.113 0.115 0.076 0.145 0.087 0.072 0.231 0.017 0.024 0.01 0.039

BF
Vc Dom

.337* 0.272 0.219 −0.003 −0.008 −0.269 −0.092 −0.2 −0.146 −0.229 0.056

RF Vc
Ndom

.372* 0.312 0.203 −0.243 −0.058 −0.263 0.017 −0.087 −0.141 −0.311 −0.091

RF
Vc Dom

0.321 0.28 0.113 −.357* −0.069 −0.201 0.075 −0.157 −0.004 −0.321 −0.004

VL Vc
Ndom

0.328 0.241 0.245 −0.228 −0.225 −0.306 −0.023 0.164 −0.166 −0.087 0.029

VL
Vc Dom

0.225 0.124 0.096 −0.184 −0.128 −0.241 0.141 0.006 −0.005 −0.292 −0.074

VM Vc
Ndom

0.169 0.226 0.179 −0.207 −0.103 −0.065 0.192 0.129 0.046 −0.262 −0.32

VM
Vc Dom

0.101 0.196 0.159 −0.202 −0.174 −0.021 0.194 0.133 0.071 −0.101 −0.038

Dom, dominant leg; Ndom, Non-dominant leg; CMJb, bilateral countermovement jump; SJ, squat jump; MRS30 m, Maximum running speed on 30 m distance; BF, Biceps femoris; RF, Rectus

femoris; VL, Vastus Lateralis; VM, Vastus medialis; Tc, Contraction time; Vc, Contraction velocity. Bold values represent significant correlation.
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TABLE 4 Correlation between countermovement jump, squat jump, maximum running speed and inter-limb asymmetries (a) derived from countermovement jump, agility, isokinetic and tensiomyography testing
procedures performed with dominant and non-dominant legs.

CMJb SJ MRS30m aCMJ aSSCOD aKET60 aKFT60 aHQr60 aKET180 aKET180 a HQr180

SJ .773** 1

MRS30m .664** .705** 1

aCMJ −0.283 −0.094 −0.235 1

aSSCOD −0.225 −0.242 −0.047 −0.114 1

aKET60 −0.174 −0.164 −0.202 −0.004 −0.073 1

aKFT60 −0.265 −0.052 −0.17 0.308 0.006 0.191 1

aHQr60 −0.13 0.26 0.191 .420* −0.079 −0.003 .412* 1

aKET180 −0.081 −0.238 −0.247 0.053 0.091 0.287 0.138 −0.113 1

aKET180 0.122 0.021 −0.069 .341* −0.182 −0.006 0.218 −0.181 0.023 1

aHQr180 0.063 −0.1 −0.188 0.195 −0.276 0.015 0.002 −0.107 .398* .549** 1

aBFTc −0.056 −0.08 −0.298 0.095 −0.208 −0.08 0.097 −0.082 0 0.206 0.236

aRFTc −0.216 −0.154 −0.227 0.186 0.183 0.268 0.076 0.102 0.231 −0.088 −0.08

aVLTc −.419* −0.286 −0.183 0.138 0.191 0.006 0.152 0.031 0.203 −0.107 0.004

aVMTc 0.037 −0.091 0.016 −0.148 −0.221 0.05 −0.152 −.346* 0.102 −0.01 0.104

aBFVc 0.069 0.153 0.069 −0.067 0.017 −0.307 −0.01 0.227 −0.208 0.005 0.027

aRFVc −0.296 −0.272 −0.047 −0.072 0.313 0.033 −0.027 0.113 −0.222 −.402* −.337*

aVLVc −0.177 −0.326 −0.213 0.265 0.191 0.021 0.003 −0.028 −0.003 0.087 0.178

aVMVc −0.008 −0.029 0.123 0.133 −.339* −0.055 0.06 0.08 −0.002 −0.026 0.203

aFKSTMG −0.021 −0.094 −0.243 0.147 −0.087 0.174 .393* 0.055 0.003 0.093 0.004

CMJb, bilateral countermovement jump; SJ, squat jump; MRS30 m, Maximum running speed on 30 m distance; SSCOD, soccer specific change of direction test; KET60, Knee extension peak torque at 60°/s; KET180, Knee extension peak torque at 180°/s; KFE, knee

flexion peak torque; HQr, Hamstring to quadriceps peak torque ratio; BF, Biceps femoris; RF, Rectus femoris; VL, Vastus Lateralis; VM, Vastus medialis; Tc, Contraction time; Vc, Contraction velocity; as, asymmetry. Bold values represent significant correlation.
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players profiling and identification of athletes who were at risk of
sustaining injury (Bishop, Read, et al., 2021; Mitchell et al., 2021;
Roso-Moliner et al., 2023). A recent study (Mitchell et al., 2021)
reported compromised performance in single-leg CMJ among
athletes with a history of injury. This was characterized by
significantly reduced eccentric and concentric peak force, lower
rates of force development, and a deeper countermovement.
Conversly, the players recruited in our study were physically
healthy, without acute pain, and free from serious lower limb
injuries for at least 1 year before recruitment. Thus, the observed
differences in time-force characteristics may result from previous
injuries that have been repaired (happened more than a year before
the recruitment), or they may represent a risk factor for future
injuries, which still warrants further investigation.

Further on, different bilateral and unilateral screening tests
showed statistically significant and slightly moderate to large
correlation. In detail, a weak to moderate correlation was found
between highest height jumped and isokinetic variables, and
slightly moderate to large correlation between highest height
jumped and TMG-derived parameters. We also found moderate
correlation between VL contraction time asymmetry and
bilateral CMJ performance. These results support the fact that
the isokinetic dynamometry test and the TMG, as well as the
corresponding inter-limb asymmetries, are highly variable in
indicating performance related to bilateral jumping ability and
running speed-related tasks. This has also been shown in the
recent study conducted by Loturco et al. (2019). Loturco and
colleagues (Loturco et al., 2019) found that CMJ and SJ
asymmetry index does not correlate or impair maximal
running speed and bilaterally assessed jumping performance
in professional female soccer players. The later study also
found nonsignificant to slightly moderate significant
correlation coefficients between performance tests and
bilateral and unilateral vertical jump variables. However, no
significant correlations were found between unilateral vertical
jump asymmetries and other performance tests were found.

The overall significant, albeit inconsistent, correlations
between the diverse performance scores obtained highlight
the previously recognized necessity for a multifaceted and
thorough diagnostic strategy in female soccer (Loturco et al.,
2018; 2019) aiming at examining multiple performance aspects.
These are further supported by the nonsignificant asymmetry-
performance relationship indicating even the asymmetry
evaluation requires multiple approaches. For example, some
conflicting evidence found previously illustrated this issue.
Namely, Loturco and colleagues (Loturco et al., 2018) found
better performances in SJ and CMJ tests were associated with
higher asymmetry levels whilst Bishop and colleagues (Bishop,
Read, et al., 2021) found greater asymmetries being associated
with reduced jump performance. Therefore, it is still unclear
whether certain asymmetry parameters inevitably influence
bilateral performance evaluated by maximal running speed
and jumping performance. Considering the previously stated
and the fact that injury types (Cross et al., 2013) and
mechanisms (Brophy et al., 2010) differ between female and
male athletes, there is need for the development of unique testing
procedures sensitive enough for multidimensional purposes,

including performance profiling, neuromuscular fatigue and
performance monitoring, injury prevention and rehabilitation
testing in female soccer players and female athletes in general.

7 Conclusion

The present study added a new knowledge on performance
assessment in female soccer players. First, we found significant
differences in several performance measures of interest when
comparing dominant and non-dominant legs, that may have an
important indices for training program optimization and
prevention of future injuries. Second, the overall significant,
albeit inconsistent, correlations between the diverse
performance scores obtained highlight the necessity for a
multifaceted and thorough diagnostic strategy in female
soccer players. From the results observed it is difficult to
choose a single test as a unique screening tool for
performance profiling. We believe, it would be valuable to
consider the implications of these findings on performance,
injury risk, and training strategies, providing a more
comprehensive understanding of the biomechanics involved
in unilateral jumping movements.

8 Perspectives

The findings of the current study have implications for the
training and assessment of elite female soccer players. A
comprehensive diagnostic strategy that considers a variety of
performance measures, including bilateral and unilateral
assessments as well as TMG parameters, is essential for a
thorough understanding of an athlete’s capabilities. For future
perspective, this study suggests that a more extensive longitudinal
evaluation with a larger and diverse sample of female soccer
players could help establish more robust and generalizable
relationships between these performance-related measures.
Additionally, examining how these associations evolve over time
or in response to specific training interventions may aid in
tailoring individualized training programs to enhance
performance and reduce the risk of injury.
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