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Abstract 

Background  Soccer performance in youth players arises from a complex interaction of anthropometric, physiologi-
cal, technical, and maturational factors. However, most studies emphasize correlation analyses, offering limited insight 
into causal mechanisms that shape athletic development and physical performance. This study aimed to identify 
causal pathways underlying potential targets for practical intervention in male youth soccer players.

Results  Data from 275 male Caucasian youth soccer players aged 8–18 years from youth soccer academy (Mazo-
vian region) were collected during the pre-season and analyzed using the Greedy Fast Causal Inference algorithm 
to generate a data-driven directed acyclic graph. Complementarily, a scoping review of publications indexed 
in PubMed and Web of Science (search conducted up to July 2025) identified 102 eligible studies on associations 
between parameters in apparently healthy male youth soccer players. Data from studies were used to construct 
a chord diagram illustrating associations among players’ characteristics. This approach revealed sprint ability, coun-
termovement jump, agility as well as maturity as central nodes in performance networks. However, causal modeling 
and literature synthesis highlighted the non-dominant leg and functional deficits as a potentially modifiable determi-
nants linked to sport-specific skills and endurance-related performance.

Conclusions  The integration of data-driven causal discovery and review-based associations offers a methodologi-
cal bridge from observational evidence toward hypothesis generation. The findings establish a rationale for a future 
randomized controlled trial aimed at testing whether intervention focused on reducing interleg asymmetries (i.e., 
differences in power/strength between lower extremities) can improve endurance capacity and specific soccer skills 
in male youth soccer players.
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Background
Soccer, leading youth sport in Europe [1], encompasses 
physiological, physical, technical, tactical, and psycho-
logical contributions to performance [2], all of which 
are related to athletes’ maturation status [3]. Soccer is 
an intermittent sport consisting of short bouts of intense 
activity that are superimposed amongst longer periods of 
low–moderate intensity activity. This intermittent pro-
file makes match demands highly contextual and com-
plex, requiring players to perform varied actions during 
match play. Understanding the association between play-
er’s performance and match demands are important for 
implementing training strategies that are aimed at devel-
opment within soccer [2]. Implementation of individual-
ized training strategies aimed at specific parameters may 
influence an athlete’s improvement.

Most studies on performance parameters in youth soc-
cer players emphasize correlation analyses rather than 
examining the underlying causal mechanisms among 
performance variables, creating ambiguity in under-
standing how these variables influence one another. It is 
crucial to identify which factors act as primary drivers 
and which serve as outcomes. While correlation-based 
approaches can provide initial insights into the strength 
of relationships, they fail to capture the directionality and 
complexity of these interdependencies [4].

To move beyond these limitations, more advanced tools 
are available that enable clearer identification of causal 
relationships. One of the options to consider is “discov-
ering” causal diagram (DAG—directed acyclic graph), 
providing framework for mapping variable dependen-
cies and identifying potential confounders. Controlling 
for various confounders is a crucial element in analyzing 
the performance of young athletes, as—for instance—
maturity and chronological age, are often closely linked 
to performance outcomes [5–8]. This approach allows 
for better understanding of what training plan should 
be applied to get the expected outcome—while also 

helping to minimize potential risks of injury [9]. How-
ever, the gold standard for identifying and confirming 
causal mechanisms remains randomized controlled trials 
(RCTs). Despite their strength, RCTs face important bar-
riers that limit their application in youth sport research, 
such as much higher cost for recruitment, larger sam-
ple size to detect meaningful effects, ethical considera-
tions or long-time commitment of participants [10]. As 
an intermediate solution between correlation analysis 
and RCTs, causal discovery methods such as Fast Causal 
Inference (FCI), Fast Greedy Search (FGES), and Greedy 
Fast Causal Inference (GFCI) algorithms may be used, at 
least as a first step, before conducting the interventional 
study [11]. It goes beyond simple correlation by attempt-
ing to infer causal relationships from observational data. 
The rationale of such an analysis would be to generate a 
proper hypothesis, rather than conclude from the data.

The aim of this study is to identify a data-driven causal 
diagram and synthesize literature on potential relation-
ships between performance variables identified in male 
youth soccer players. These findings may support the 
development of a targeted research protocol aimed at 
defining effective intervention strategies.

Methods
The study design combined two complementary ana-
lytical streams: one focused on a data-driven discov-
ery approach, and the other employed a scoping review. 
Together, these two streams yielded a knowledge-
adjusted DAG (Fig. 1).

Data Collection (Participants and Procedures)
Given the observational design and the use of data-driven 
causal model discovery with the GFCI algorithm for 
continuous variables, the study was designed to include 
as many eligible players as possible during the data col-
lection period. This approach was chosen, because 
causal discovery methods assess multiple conditional 

Key points 

•	 Endurance performance in  male youth soccer players is  shaped by  a  network of  interacting factors with  age, 
maturity, experience, advancement, functional deficits and body composition emerging as central nodes.

•	 While age and  maturity are non-modifiable, literature synthesis and  data-driven causal modeling identified 
the interleg asymmetry as correlates of sprint, agility, sport-specific skills such as passing accuracy and non-domi-
nant leg performance as a potentially modifiable determinant linked to endurance-related performance.

•	 Reducing interleg asymmetries may represent a practical training target and provide a rationale for  future ran-
domized trials verifying whether  balancing lower-limb power and  strength can improve aerobic capacity 
and sport-specific skills in youth soccer players.

Keywords  Soccer, Youth, Endurance performance, Inter-limb asymmetry, Causal inference
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relationships simultaneously, and larger sample sizes 
improve the stability and robustness of the inferred 
model structure. Therefore, all players who met the inclu-
sion criteria were recruited. Inclusion criteria were: (1) 
a minimum of 1 year of soccer training experience; and 
(2) no musculoskeletal injuries in the lower extremi-
ties (knee, ankle, or hip joints) within the previous 12 
months. Two hundred and seventy-five male Caucasian 
youth soccer players aged 8–18 years from one youth 
soccer academy—“Akademia RKS Radomiak Radom” 
(Mazovian region, Radom, Poland) voluntarily partici-
pated in the study during the off-season, prior to the start 
of the competitive season. Two researchers (R.M. and 
J.S.G.) supervised the data collection process conducted 
by the coaches of the selected age-groups. Participants 
underwent a comprehensive set of assessment designed 
to capture demographic, maturational, anthropometric, 
physiological and physical performance characteristics. 
Youth players were asked to refrain from strenuous exer-
cise at least 48 h prior to testing. Selected information 
were gathered using a questionnaire completed by the 
coaches: chronological age, training start date to calculate 
experience in years (training experience defined as years 
of systematic training performed at least three times per 
week), advancement level (1–4 scale, with 1 represent-
ing the highest level of proficiency, based on individual 

assessment conducted by the team coach, reflecting the 
athlete’s overall technical and tactical competence), play-
ing status (starting or reserve) and leg dominance (self-
reported by players based on their natural preference for 
kicking and performing technical soccer skills). Biologi-
cal maturation was estimated using Moore’s equations to 
calculate maturity offset, expressed as years from peak 
height velocity [12]. Anthropometric and body com-
position measurements were obtained using a Tanita 
MC-980 MA body composition analyzer. Standing height 
was measured to the nearest 0.1  cm and body mass to 
the nearest 0.1 kg. Body mass index (BMI) was calcu-
lated as body mass divided by height squared (kg·m⁻2). 
Body composition variables included percentage and 
absolute fat mass (FATP and FATM, respectively), fat-
free mass (FFM), predicted muscle mass (PMM), bone 
mineral mass (BONEM), total body water (TBW), basal 
metabolic rate (BMR), and whole-body electrical imped-
ance (IMP). Impedance reflects the resistance of body 
tissues to a low-level electrical current and serves as a 
physiological indicator associated with hydration status 
and tissue composition, particularly lean mass distribu-
tion. Upper-limb strength was evaluated through maxi-
mal handgrip strength (HGS) testing performed for both 
dominant and non-dominant hands under standardized 
conditions (seated position, 90° elbow flexed). Lower-
limb strength was assessed using vertical jump testing 
on an Optojump system, including countermovement 
jump (CMJ), countermovement jump without arm swing, 
and squat jump (SJ). Unilateral jumping performance 
and inter-limb asymmetry were further examined using 
the Drift protocol [13]. The Back Squat Assessment was 
used to verify functional deficits and technical factors 
that limit performance [14]. Aerobic capacity was evalu-
ated using the Yo-Yo Intermittent Recovery Level 1 test 
(YYIR1), from which running distance, training load 
and estimated maximal oxygen uptake (VO₂max) were 
derived. Anaerobic performance was assessed using the 
running-based anaerobic sprint test (RAST), from which 
power outputs, fatigue index, and fastest sprint time were 
derived. Change-of-direction ability was assessed using 
the 505 Agility Test. Cardiovascular measures (heart 
rate and blood pressure; Beurer BM 58, Germany) were 
recorded to provide a holistic characterization of the 
youth athletes.

Statistical Analysis and Data‑Driven Causal Model 
Discovery
The normality of distribution for continuous variables 
was assessed using the Shapiro–Wilk test. Continu-
ous variables with normal distribution are presented as 
mean ± standard deviation, whereas variables deviating 
from normality are presented as median [interquartile 

Fig. 1  Methodological flow. GFCI Greedy Fast Causal Inference, DAG 
directed acyclic graph
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range]. Categorical variables are reported as number (n) 
and percentage (%).

The data-driven causal model discovery was performed 
using the GFCI technique intended for continuous vari-
ables [11]. The GFCI approach integrates and enhances 
two existing algorithms: FCI and FGES. FCI starts with 
a fully connected undirected graph, while FGES begins 
with an empty graph, incrementally adding necessary 
edges and later removing redundant ones. In GFCI, 
FGES is first used to construct a “supergraph” represent-
ing the underlying structure of connections. Then, FCI 
refines this supergraph by pruning it and determining 
the final edge orientations. Analyzed data were used as 
an input. All variables were stored as raw numeric values 
without prior standardization, as the causal discovery 
method itself relies on linear correlations, making man-
ual scaling unnecessary (any manual scaling would not 
change the graph structure at all). The default settings 
for the GFCI method intended for continuous variables 
were chosen, specifically utilizing the Bayesian Informa-
tion Criterion scoring function with a penalty discount of 
1.0 for the FGES phase, and the cutoff for p value at the 
level of 0.01 for the FCI phase, no bootstraps (not applied 
to preserve the exploratory nature of the analysis, as well 
as to prevent the excessive pruning of potentially mean-
ingful hypothesis-generating pathways in a moderately 
sized sample dataset), ensemble method: the highest. The 
whole analysis was performed utilizing Tetrad 6.5.3 soft-
ware [15].

Scoping Review
This scoping review was conducted in accordance with 
the PRISMA Extension for Scoping Reviews (PRISMA–
ScR) guidelines [16]. A search of the PubMed and Web 
of Science databases was performed from inception to 
July 2025. The search was limited to titles using the fol-
lowing Boolean string: (young OR youth) AND (football 
OR soccer) AND players (e.g., "youth soccer players"[All 
Fields]). Eligibility was restricted to original, English-lan-
guage studies examining associations between selected 
parameters in apparently healthy male youth soccer play-
ers. The source selection process was conducted in two 
stages. First, titles and abstracts and second full-text arti-
cles were screened for relevance to the research aims by 
two authors independently. Studies were excluded if: (i) 
not focused on correlation/association between physi-
ological, physical, technical, tactical, psychological, per-
formance parameters, (ii) combine data from youth and 
adult soccer players, (iii) focused solely on playing posi-
tions, (iv) reported associations between two tests con-
cerning one ability/skill, (v) identified no statistically 
significant correlations, (vi) concern youth soccer play-
ers with disabilities. To ensure a comprehensive search, 

reference lists of all included articles were manually 
checked for additional eligible studies. The initial search 
yielded a total of 997 publications. Following the screen-
ing of titles and abstracts, 780 studies were excluded. A 
total of 217 full-text papers were analyzed. Finally, 89 
English-language original studies related to associations 
between selected parameters in apparently healthy male 
youth soccer players were included for detailed analysis. 
An additional 13 studies meeting the inclusion criteria 
were identified in the references of the accepted articles 
(see list of final sample of 102 references in Supplemen-
tary Materials). The flow chart is presented in Fig. 2.

The methodological quality and risk of bias of the 
included studies were evaluated using the Newcastle–
Ottawa Scale (NOS) [17, 18]. Recognizing the diversity of 
study designs, specific versions of the tool were applied 
to match each study type:

i)	 Cross-sectional studies: Quality was assessed using 
an adapted 16-point version of the NOS. This version 
evaluates four key domains: clearness of the stated 
aim (0–2 points), sample selection (0–8 points), com-
parability (0–2 points), and outcome (0–4 points). 
Following established guidelines, studies were cat-
egorized as high quality (13–16 points), moderate 
quality (9–12 points), or low quality (≤ 8 points), or

ii)	 Cohort and case–control studies: These were evalu-
ated using the original star system of the NOS. The 
assessment focused on three major categories/
domains: selection of the study groups (maximum 4 
stars), Comparability of the groups based on design 
or analysis (maximum 2 stars), and Exposure/Out-
come (maximum 3 stars). Each domain can receive 
a maximum of one star, except for comparability, 
which can be awarded up to two stars. Articles that 
received between 7 and 9 stars were classified as hav-
ing a low risk of bias; those scoring between 4 and 
6 stars were considered to have a moderate risk; and 
those with scores between 0 and 3 stars were classi-
fied as having a high risk of bias.

To ensure the reliability of the synthesis, all assess-
ments were conducted independently by two authors. In 
cases where discrepancies in scoring occurred, they were 
resolved through discussion with other authors to reach 
a consensus. This approach was adopted to mitigate the 
subjectivity inherent in qualitative appraisal tools and to 
enhance the transparency of the systematic review pro-
cess. NOS scoring for articles included to analysis is pre-
sented in Supplementary Materials.

Data from included articles were extracted using a 
standardized data-charting form developed specifically 
for this review. To ensure consistency and reliability, 
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two authors independently charted the data from each 
included study. Any discrepancies or disagreements 
between the two authors were resolved through consen-
sus-based discussion with other authors.

To summarize all of the connections between the ana-
lyzed parameters found in the literature, a chord graph 
was created using R 4.5.2 [19].

Results
Participants Characteristics
None of the players reported injuries at the time of test-
ing. A total of 275 male youth soccer players participated 
in the study; however, 61 were excluded due to lack of 
complete data (absence during selected examinations). 
Results of 214 players were analyzed, among them 120 
starters (56.1%) and 94 substitutes (43.9%); 109 (50.9%), 
49 (22.9%), 46 (21.5%) and 10 (4.7%) assessed by the team 
coaches as 1, 2, 3 and 4 advancement level, respectively. 
Right leg was dominant for 185 (86.4%) players. Players’ 
characteristics are presented in Table 1.

Data‑Driven Causal Model Discovery
The GFCI algorithm for continuous variables enabled 
the DAG model creation. As stated in the section above, 
missing data were ignored (complete-case analysis). We 
decided not to apply any imputation techniques to avoid 

introducing artificial correlations. Features that were not 
found to be related to any other features were not pre-
sented in the graph. The graph was improved by adjusting 
a few knowledge-based information, as follows: the direc-
tion of information flow was changed for Advancement 
and Experience, the direction of information flow was 
changed for Advancement and Aerobic capacity (YYIR1), 
the direction of information flow was changed for Back 
Squat Assessment and Aerobic capacity (YYIR1). The 
final result is presented in Fig. 3.

Review‑Based Flow Chart
The methodological quality assessment of the 102 
included studies demonstrated a generally high to mod-
erate standard of evidence. For the cross-sectional stud-
ies (n = 94), which were evaluated using the adapted 
16-point NOS, 25 studies (26.6%) were classified as high 
quality (scoring 13–16 points), representing a low risk of 
bias. The remaining 69 studies (73.4%) were identified as 
being of moderate quality (scoring 9–12 points). Notably, 
no cross-sectional studies were categorized as low qual-
ity (≤ 8 points), as the minimum score recorded in this 
group was 9 points. The cohort and case–control studies 
(n = 8) all achieved high-quality ratings according to the 
original NOS star system, with scores ranging from 6 to 7 
stars out of a possible 9.

Fig. 2  PRISMA 2020 flow diagram
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Although most of the studies focus on correlation as 
main relationship detected, it is crucial to have a look at 
overall associations within the data. Some of the stud-
ies refer to the correlation of parameter to the group of 
parameters indicating some kind of sport performance, 
rather than identify direct relationships—those studies 
were not included in the chart, as it focuses mostly on 

one to one relations. Results of the review, which consist 
of a list of relations defined in those studies, are gathered 
in Tables  1–7 provided in the Supplementary Material, 
with respect for the categories of a parameter for easier 
reading. The analyzed parameter is indicated in the first 
column of each table, while the second column repre-
sents all variables identified as correlated or associated 
with it. The graph demonstrating relationships between 
parameters is presented in Fig.  4. An interactive table 
can be found under: https://​mmiki​elew.​github.​io/​causal-​
disco​very/

The parameters that most often are being pointed out 
as related to other parameters are: maturity (35 rela-
tions), sprint (34 relations), countermovement jump (28 
relations) and agility (24 relations).

Verification of DAG with Literature‑Based Chord
The analysis of the DAG revealed relationship between 
aerobic performance (measured by YYIR1) and advance-
ment, BSA, age and non-dominant leg performance 
(i.e., height of jump on this leg). While the associations 
between Yo-Yo test results with age and experience has 
already been observed (Fig.  5), BSA and non-dominant 
leg performance has not yet described. According to 
the diagram (Fig.  3), changes in non-dominant leg per-
formance appears to be a cause of the Aerobic capacity 
(YYIR1). However, although there were 17 relationships 
identified between the Yo-Yo test and other parameters 
(Fig.  5), and 5 between interleg asymmetry and other 
parameters (Fig. 6), no direct relationship between these 
two variables has been observed yet.

Summarizing, the general alignment was presented in 
Table 2.

Discussion
This study combined a data‑driven causal discovery 
with literature synthesis to explore potential targets for 
practical intervention in male youth soccer players. The 
integration of these two approaches highlighted interleg 
asymmetry, specifically non-dominant leg performance, 
as a potentially modifiable determinant linked to sport-
specific skills and endurance-related performance.

Soccer not only includes physical factors but also 
depend on many tactical, technical and psychological 
parameters [2]. The review has confirmed the complex-
ity of relationships found in this sport. Furthermore, 
the assessment of physical performance in youth soccer 
players is confounded by the concurrent processes of 
physical growth and biological maturation, which sig-
nificantly influence physical fitness development [3]. The 
chord diagram constructed based on results from more 
than one hundred observational studies demonstrates 
that parameters such as sprint, maturity, age and agility 

Table 1  Player’s characteristics. Continuous variables with 
normal distribution are presented as mean ± standard deviation, 
whereas variables deviating from normality are presented as 
median [interquartile range]

Variable Data

Age (years) 13.26 ± 1.98

Maturation (years relative to peak height veloc-
ity)

− 0.07 [− 1.6–1.32]

Training experience (years) 3.43 [1.51–5.40]

Standing height (cm) 163.50 [150.45–175.82]

Body mass (kg) 49.6 [39.32–63.50]

BMI (kg/m2) 18.7 [16.8–21.2]

Fat mass (%) 15.50 [12.42–18.62]

Absolute fat mass (kg) 7.30 [5.82–9.38]

Fat-free mass (kg) 41.85 [32.48–53.30]

Predicted muscle mass (kg) 39.65 [30.78–50.60]

Bone mineral mass (kg) 2.2 [1.7–2.7]

Total body water (litres) 31.15 [23.90–39.20]

Basal metabolic rate (kJ) 6673.8 [5801.9–7743.6]

Whole-body electrical impedance (ohms) 631.5 [559.8–705.5]

Handgrip strength—dominant hand (kg) 26.7 [19.8–34.7]

Handgrip strength—non-dominant hand (kg) 24.9 [19.1–33.6]

Countermovement jump with arm swing (cm) 30.35 ± 8.07

Countermovement jump without arm swing 
(cm)

25.99 ± 6.85

Squat jump (cm) 25.21 ± 6.19

Unilateral jump—dominant leg (cm) 11.35 [9.10–15.38]

Unilateral jump—non-dominant leg (cm) 12.15 [9.9–16.08]

Asymmetry in unilateral jump (cm) 0.4 [-9.52–12.02]

Yo-Yo running distance (m) 1000.0 [640.0–1480.0]

Yo-Yo VO2max (ml/kg/min) 44.8 [41.8–48.8]

Yo-Yo training load 46.5 [30.0–69.5]

Running-Based Anaerobic Sprint Test—power 
(W)

275.77 [172.39–412.37]

Running-Based Anaerobic Sprint Test—fatigue 
index

2.85 [1.80–5.04]

Running-Based Anaerobic Sprint Test—fastest 
sprint (s)

5.70 [5.24–6.26]

Change-of-direction ability—505 Agility Test (s) 2.71 [2.59–2.86]

Functional deficits—Back Squat Assessment 
(points)

5.0 [4.0–7.0]

Heart rate (bpm) 81 [73–89]

Systolic blood pressure (mmHg) 119.8 ± 15.9

Diastolic blood pressure (mmHg) 73.3 ± 9.3

https://mmikielew.github.io/causal-discovery/
https://mmikielew.github.io/causal-discovery/
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are most often identified as related to other variables. It 
is also worth noting that age and maturity are param-
eters that cannot be controlled through training, which 
requires special treatment when planning interventional 
studies and when interpreting cross-sectional associa-
tions. Correlation itself does not allow to get clear path 
we could follow to make significant improvements. It is 
easy to conclude, that too many correlations are defined 
for one variable (example) and it is hard to define clearly 
which value is indeed crucial. Taking into account each 
possible indicator leads to the data overload. The num-
ber of connections within the chord can lead to over-
complicating the results. It is hard to say which factors 
are influencing the others and which are being influenced 
by them. Moreover, correlation can often be mislead-
ing, as certain factors may be influenced by an external 
variable that genuinely drives the relationship rather than 
acting as a confounder. The relationships determined by 
DAG created from the gathered observational data are 
to some extent consistent with the relationships defined 
in the literature-biased chord. This visualization allowed 
to identify key causal effects, where multiple factors 

simultaneously influence one or more outcomes, provid-
ing insights that cannot be easily captured through tra-
ditional correlation analyses. By mapping these complex 
pathways, diagrams provide a more holistic framework 
for optimizing training programs and monitoring athlete 
development over time.

It is widely recognized that youth soccer players exhibit 
a high prevalence of asymmetric movement patterns [20, 
21]. These imbalances often emerge early in adolescence, 
as evidenced by significant performance asymmetries in 
dynamic stability tasks—such as the posterolateral direc-
tion of the Modified Star Excursion Balance Test—which 
tend to favor the stability-dominant leg in players aged 
13–14 [22]. While traditional field tests often focus on 
absolute performance, asymmetries in vertical ground 
reaction forces (vGRF) during take-off, rather than mus-
cle torque alone, have been identified as a critical limit-
ing factor for vertical jump height [23]. Interestingly, in 
bilateral tasks like the deep squat, the non-dominant side 
has been shown to generate higher peak forces, likely 
reflecting its repetitive role as a stabilizing limb during 
unilateral soccer-specific technical actions [24, 25]. The 

Fig. 3  Data-driven directed acyclic graph presenting hypothetical relations between the data. CMJ countermovement jump, RAST Running-Based 
Anaerobic Sprint Test, FATM absolute fat mass, HGS handgrip strength, FFM fat-free mass, TBW total body water, PMM predicted muscle mass, BMR 
basal metabolic rate, FATP% percentage of fat mass, BMI body mass index, IMP whole-body electrical impedance
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developmental trajectory of these asymmetries is closely 
linked to biological maturation [26]. For instance, land-
ing force asymmetries in jumping tasks often become 
more pronounced around the period of peak height 
velocity (PHV) [21]. In contrast, pre-PHV players may 
exhibit greater asymmetry in technical tasks, such as lin-
ear and change-of-direction (COD) dribbling [26]. Nota-
bly, authors suggest that while inter-limb asymmetry 
scores in jumping and COD tasks remain relatively sta-
ble across chronological age categories from U12 to U17 
[27], biological maturation acts as a significant modera-
tor of their impact on physical performance [28]. Specifi-
cally, higher asymmetry scores (particularly in single leg 
countermovement jump and 505 tests) are significantly 

associated with poorer sprint and COD performance in 
post-PHV players, whereas these relationships are often 
non-significant in pre-pubertal youth soccer players [28]. 
Furthermore, recent study highlights that neuromuscular 
efficiency is highly task-specific; vertical jump asymme-
try does not necessarily correlate with asymmetries in 
movement economy during COD maneuvers [29]. Per-
formance level further moderates these outcomes, as elite 
youth players consistently display smaller bilateral muscle 
mass differences and more favorable body composition 
profiles compared to their lower-level counterparts [30]. 
The relationship between inter-limb imbalances and ath-
letic performance remains complex. The concept of bilat-
eral deficit—where the sum of unilateral force production 

Fig. 4  Chord graph presenting every relation between the data presented in literature
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exceeds bilateral capacity—is highly sensitive to motor 
tasks and loading conditions, but it may not serve as a 
direct predictor for linear sprint performance [31]. Leg 
dominance significantly influences specific agility tasks, 
for example, players are often faster in 180° turns (505 
test) when braking with their dominant leg [25]. Further-
more, a novel biomechanical link has been established, 
where lateral trunk rotation asymmetries are significantly 
correlated with knee extensor and vGRF asymmetries, 
suggesting that trunk stability is essential for optimizing 
lower body kinematics [32]. Against this background, 
targeted training of the non-dominant leg is a justified 
strategy to enhance overall performance and technical 
proficiency [33]. Interventions focusing on lower-limb 

function have been shown to positively influence physi-
cal performance. Specifically, 8-week plyometric jump 
training programs have demonstrated significant capac-
ity to improve physical fitness components while simul-
taneously reducing inter-limb asymmetry scores in 
pre-pubertal players [34]. Moreover, the implementation 
of bilateral training protocols—practicing technical skills 
equally with both legs—has been shown to improve agil-
ity and task-specific accuracy for both preferred and non-
preferred limbs [35]. While long-term corrective exercise 
programs can effectively reduce the frequency of dys-
functional movements [20], integrating neuromuscular 
training that addresses the interconnectedness of trunk 
stability and lower-limb kinematics remains essential for 

Fig. 5  Relations proven with YoYo test result and other parameters based on literature review
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optimizing athletic development and injury prevention 
[32].

Importantly, non-dominant lower-limb function 
is amenable to targeted, relatively low-risk training 

interventions in youth. Thus, the knowledge-adjusted 
DAG derived in this study does not prove causality but 
provides a structured, empirically informed rationale 
for designing a RCT to test whether reducing strength 
and power asymmetries between lower extremities 
can improve endurance capacity in developing soccer 
player. The analysis in this study relied on observational 
data, and although the GFCI algorithm enables data-
driven causal discovery, the resulting DAG remains 
contingent on model assumptions and on the specifica-
tion of included variables. The method cannot exclude 
the presence of unmeasured confounders, and there-
fore, the directions and strengths of the indicated rela-
tionships should be interpreted as hypotheses rather 

Fig. 6  Relations proven with interleg asymmetry and other parameters based on literature review

Table 2  Alignment of relationships identified by the data-driven 
GFCI model and the literature-based review

Relationship Detected in DAG Supported in literature

Age →Yo-Yo test result Yes Yes

Advancement →Yo-Yo 
test result

Yes Yes

Experience → Yo-Yo test 
result

Indirectly Yes

Non-dominant leg perfor-
mance → Yo-Yo test result

Yes No, hypothesis for RCT​
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than definitive causal effects. Although the search was 
systematic and an additional backward search of refer-
ences was performed, relevant studies indexed in other 
databases or published in other languages may have 
been missed. Furthermore, only studies reporting asso-
ciations between selected parameters were included, 
and publications focusing exclusively on positional dif-
ferences or very narrow, low-level associations were 
excluded. These decisions, while necessary for graphical 
synthesis, introduce a degree of subjectivity and may 
bias the representation of the literature in the chord 
diagram. Regarding the data-driven component, the 
DAG was built from a single, cross-sectional dataset of 
male Caucasian youth soccer players aged 8–18  years 
from one academy from a specific competitive context. 
The broad age range introduces considerable biological 
heterogeneity, as participants encompassed pre-puber-
tal, pubertal, and post-pubertal stages of maturation. 
To account for this, maturity status was estimated and 
incorporated into analyses. However, this method pro-
vides only a non-invasive estimate of maturational tim-
ing based on anthropometric variables, rather than a 
direct assessment. More precise methods, such as skel-
etal age (e.g., via radiographic assessment), or direct 
hormonal assays, could offer a more accurate classifi-
cation of maturity status and should be considered in 
future studies. In addition, although maturity offset was 
accounted for, players at different developmental stages 
were pooled together in the analyses, which may com-
plicate interpretation given that physical, physiologi-
cal, and psychological characteristics vary substantially 
across maturational phases. Therefore, the findings 
may not be generalizable to female players, different 
competitive and cultural contexts. Finally, endurance 
capacity was operationalized using the YYIR1, which, 
although widely used and validated as a field measure 
related to VO₂max in soccer, remains an indirect esti-
mate rather than a direct physiological measurement.

Conclusions
Our findings support the need to design a randomized 
controlled study in which the dedicated training pro-
gram on non-dominant leg to equal the strength and/or 
power able to be generated by both legs is prescribe for 
one group, with a control group with the standard train-
ing. We aim to test whether such intervention will trans-
late into greater improvements in aerobic, anaerobic and 
other soccer-specific skills in experimental group of male 
youth soccer players.
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