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Abstract

Background: Given the persistent sex-based disparities in anterior cruciate ligament (ACL)
injury prevalence and the heightened susceptibility observed during critical stages of
development in female academy-level players, it is necessary to enhance the effective-
ness of prevention programs, particularly during change of direction (COD). Objectives:
This study aims to evaluate whether a multicomponent periodized program modifies
three-dimensional knee angular velocity and hamstrings and quadriceps muscle activity
during a COD task in under-16 female football players. A secondary objective was to
determine whether adaptations differed based on lower limb dominance. Methods: A non-
randomized, multicenter controlled trial with a pre—post design was conducted involving
35 players (age: 15.50 = 1.22), allocated to either an intervention (n = 17) or control (1 = 18)
group. The intervention group undertook a 12-week multicomponent periodized program
within their usual training program whilst the control group undertook their usual training
program. The peak and range of thigh and shank angular velocity across three planes,
along with the average rectified and peak envelope EMG signals of the Biceps Femoris
(BF), Semitendinosus (ST), Vastus Medialis (VM) and Vastus Lateralis (VL), were recorded
during the preparation and load phases, using the Change of Direction and Acceleration
Test. Three-factor mixed model ANOVAs and non-parametric tests were applied, with sta-
tistical significance set at p < 0.05. Results: Post-intervention analysis revealed significant
improvements in sagittal and coronal planes shank angular velocities and thigh coronal and
transverse plane angular velocities. Muscle activity patterns also improved, particularly
in the ST and VM, suggesting enhanced medial stabilization and neuromuscular control.
Functional improvements were most evident in the dominant limb. Conclusions: The
12-week multicomponent periodized program effectively modified three-dimensional knee
kinematics and muscle activity during a COD task in under-16 female football players.
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1. Introduction

The anterior cruciate ligament (ACL) remains one of the most severe injuries in female
football, due to its injury burden, combining incidence and severity, along with long-
term consequences upon return to preinjury sport level [1-3]. Although injury prevention
strategies implemented reduce knee injury incidence, knee injuries in female football remain
the most prevalent compared to other joint locations and are more frequent than in males,
especially ACL injury [1,4,5]. At the academy level, ACL injury incidence tends to rise with
age and competitive intensity, with two critical peaks identified during the developmental
stages of players [2,3,6]. The first occurrence is around the under-16 stage, when the injury
incidence reaches 1.7 injuries per 1000 h of exposure, representing the highest rate observed
during all academy phases [2]. This increase is associated with peak growth rate and
post-pubertal changes, which may reduce motor competence, neuromuscular control, and
consequently elevate susceptibility to non-contact injuries [2,3,7]. The second peak emerges
during the under-19 to under-23 stages, coinciding with the transition to the elite-level
period, reaching 1.1 injuries per 1000 h of exposure. During this stage, players are exposed
to intensified physical demands and competitive pressure, while often still undergoing
physical maturation [2,8].

Epidemiological studies indicate that approximately 59-64% of ACL injuries occur via
a non-contact mechanism, particularly in females. Change of Direction (COD) has been
identified as the most prevalent task associated with injury mechanism, reported in 48-70%
cases, due to the involvement of multiplanar knee kinematics [9-11]. Football matches
frequently involve COD actions, often executed in a high-pressure sports context [12]. In
these high-intensity scenarios, functional demands may exceed the tensile capacity of the
ACL, promoting injury, particularly when players use their dominant limb (DL) for stabi-
lization under competitive pressure [13-15]. ACL injuries frequently occur in unpredictable
defensive duels, accounting for approximately 60-73% of sport-specific scenarios. In this
context, limited reaction time constrains the DL to adopt an unaccustomed stabilizing
role, elevating injury susceptibility [9,15,16]. Clinical guidelines support the implemen-
tation of prevention programs, which have been shown to reduce non-contact injuries
by 67% and ACL injuries by 53% [17,18]. These programs aim to minimize potentially
dysfunctional adjustments by modifying movement patterns and addressing neuromus-
cular deficits [19,20]. Based on clinical recommendations, such programs should adopt a
multicomponent structure and be guided by biomechanically informed progression criteria
within a periodized model, involving a sequential increase in functional demands [17,21].
Furthermore, evidence suggests greater efficacy when applied to academy-level players, as
neuromuscular plasticity during development facilitates motor pattern adaptation more
efficiently than in elite players with automatized motion patterns [17,18].

The effectiveness of prevention programs depends on evidence-based design from
risk factor analysis studies. However, most reported functional improvements have been
limited to landing tasks [19,20,22]. No significant functional changes have been observed
during COD tests, likely due to the multiplanar knee kinematics and rapid adjustments in-
volved. This complexity makes it difficult to capture these adaptations using conventional
kinematic variables, such as joint range of motion [12,21]. Consequently, angular velocity
has been proposed as an alternative parameter for characterizing joint movement quality, as
it reflects both the speed and direction of joint angular excursion, as evidenced by segmental
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motion directly regulated by muscle activity, closely linked to motor control [23-25]. Valgus
collapse is the primary kinematic mechanism of ACL rupture, involving a combination of
multiplanar kinematics [9,11,26,27]. Most valgus collapse kinematics are oriented in the
sagittal plane, where limited knee flexion increases anterior tibial translation, increasing
ACL strain [11,28-31]. Simultaneously, pivot-shift mechanics in the coronal and transverse
planes, marked by hip adduction, knee abduction, and tibial rotation, further increase
medial tibial translation and ACL tensile capability [11,32,33]. Electromyographic (EMG)
muscle activity data support that altered neuromuscular motor control increases injury
risk [17,18,34]. The hamstrings, particularly the semitendinosus (ST), act as main synergists
of the ACL by inducing posterior tibial translation, limiting tibial rotation, and compressing
the medial knee compartment [28,35,36]. In contrast, excessive quadriceps activation at
low flexion angles promotes anterior tibial translation, heightening ACL stress [34]. Female
players at risk of ACL injury often exhibit quadriceps dominance accompanied by imbal-
anced lateral-to-medial thigh muscle activity, characterized by preferential muscle function
of the Biceps Femoris (BF) and Vastus Lateralis (VL) over the ST and Vastus Medialis
(VM) [25]. This lateral dominance may increase compressive forces on the lateral compart-
ment, exacerbating tibial rotation and promoting medial compartment gapping through a
pivot-shift mechanism [25,36-38]. Combined, these multiplanar mechanisms may exceed
the structural tolerance of the ACL, leading to rupture without external contact [11,39].

Given the persistent sex-based disparities in ACL injury prevalence and the height-
ened susceptibility observed during critical stages of development in female academy-level
players, it is necessary to improve the effectiveness of prevention programs, particularly in
COD functional improvements, as the most common ACL injury mechanism [1,2]. Address-
ing recent literature key gaps, this study proposes the implementation of a multicomponent
periodized program based on neuromuscular training, COD technique modification, and
real-time feedback [17,19,21]. This comprehensive approach aims to enhance movement
quality and motor control in female football players, with particular focus on the under-16
academy stage, where neuromuscular adaptations are still highly modifiable [2,3]. There-
fore, our main objective was to evaluate whether a multicomponent periodized program
modifies three-dimensional knee angular velocities and hamstrings and quadriceps muscle
activity during a COD task in female football players. It was hypothesized that implement-
ing a multicomponent periodized program would lead to improved movement quality,
assessed by angular velocity, and motor control, evaluated by muscle activity analysis.
Moreover, a secondary objective was to assess whether the effects of the training program
on movement quality and motor control differ between the DL and NDL.

2. Materials and Methods
2.1. Study Design

A non-randomized, multicenter controlled trial with a repeated-measures pre- to
post-test design was conducted. Female under-16 stage football players from Ujpest Foot-
ball Club and Honvéd Football Club from Budapest, Hungary, and Ebro Sport Club and
Valdefierro Sport Club from Zaragoza, Spain were recruited. Players from Ujpest Football
Club were assigned to the intervention group, which completed a 12-week intervention
program replacing their regular team warm-up, following clinical guidelines recommen-
dations [17]. The control group was composed of players who met all inclusion criteria
from the remaining participating teams. The study was approved by the Research Ethics
Committee of the Community of Aragén (code PI120/127) and conducted in accordance
with the ethical principles of the Declaration of Helsinki [40]. The study design followed
CONSORT, CERT, and TIDieR reporting guidelines [41].
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2.2. Participants

Participant recruitment was coordinated by the University of Zaragoza (Spain) and
the Hungarian University of Sports Science (Hungary), who contacted the club presidents
to establish collaboration agreements. All players were required to have competed during
the 2023/24 season in a female under-16 regional league and training four days per week,
with each session lasting 90 min. Players from both groups were required to attend all
scheduled training sessions during the 12-week period. Participants who sustained injuries
that prevented regular participation or failed to comply with the intervention protocol or
standard training schedule were excluded from the final analysis to ensure comparable
exposure to physical load at the post-intervention assessment [21,42]. Goalkeepers were
not included in this investigation [12]. Informed consent was obtained from each player
and their parents or legal guardians prior to final inclusion. A total of 85 players from the
recruited teams met the eligibility criteria. Each eligible player was assigned a number,
and participants were randomly selected into the study using a random number generator
until 19 were assigned to the intervention group and 19 to the control group. Throughout
the follow-up period, the control group continued performing their standard field-based
warm-up routines.

2.3. Procedure

Participants took part in a single pre-intervention and a single post-intervention testing
session, during which thigh and shank kinematics, as well as hamstrings and quadriceps
muscle activity, were recorded. Prior to each session, they completed a standardized
10 min warm-up consisting of mobility exercises and variable-intensity running with COD
drills [12]. Each participant then completed six trials of the Change of Direction and
Acceleration Test (CODAT), three using the DL and three using the non-dominant limb
(NDL), all performed at maximum effort, with 45 s of recovery between trials [35]. The
CODAT was selected based on prior research indicating that 90° directional changes impose
a greater demanding challenge for the players, providing a more effective assessment of
knee stability [43,44]. This test combines sprinting with stabilization and acceleration
demands, incorporating four COD, two at 45° and two at 90°, interspersed with 3 m sprints
and a final 10 m sprint. The second 90° COD was selected for data analysis, following
previous recommendations (see Figure 1) [43]. Participants completed a familiarization
period to minimize learning bias. Each participant was assigned a unique anonymized
code to reduce potential analysis bias, thereby ensuring the reliability and objectivity of the
data collected during the pre- and post-intervention testing sessions [43].

5m
-

10m

Figure 1. CODAT. The starting position is indicated with the dark circle, and the cross identifies the
change of direction task that was recorded.

2.4. Sensor Placement

Surface EMG signals were recorded using four Trigno Avanti wireless sensors (Delsys
Inc., Natick, Massachusetts, USA), sampled at 1000 Hz, and placed over the BF, ST, VM, and
VL muscles, in accordance with SENIAM guidelines [45,46]. Throughout data collection,
the signal-to-noise ratio was regularly monitored to ensure the quality of EMG recordings.
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An additional Trigno Avanti sensor was placed on the anterior tibial tuberosity to
capture shank angular velocities, whilst the VL sensor was used to capture thigh angular
velocities [47,48]. These sensors include integrated inertial measurement units (IMUs),
which obtain angular velocity data captured via their built-in triaxial gyroscope [47,48].

2.5. Intervention Period—12-Week Multicomponent Periodized Program

A 12-week multicomponent periodized program, based on neuromuscular training,
COD technique modification, and real-time feedback (Appendix A), was implemented in
the intervention group. The program was carried out on an artificial grass football pitch
at the Ujpest Football Club Sports Center, in Budapest, and supervised by an advanced-
level coach, recognized by the Union of European Football Associations, UEFA A-licensed,
and a physiotherapist specialized in biomechanics. The training schedule was structured
into three 30 min sessions per week, replacing the regular warm-up at the beginning of
designated training days [17]. Sessions were held on Match-5, Match-4, and Match-2 days,
referring to the number of days before the match, in accordance with load management
principles within a structured microcycle to avoid overload on match day [49]. Each session
was structured into two segments: the initial 10 min warm-up focused on aerobic mobility
and neuromuscular activation, followed by a 20 min main section [17]. The main section
consisted of two rounds of a six-exercise circuit specifically designed to enhance COD
performance, as detailed in Appendix A.

Players worked in pairs, facilitating continuous peer feedback [50]. Each exercise was
performed for one minute, resting for 30 s between stations. Coaches provided real-time
internal feedback and recorded the drills to offer self-visual feedback after training [21,50].
The program was structured into three monthly mesocycles, each progressively increasing
in difficulty and aligned with specific performance objectives [51,52]. The structured pro-
gression for each mesocycle is detailed in Appendix A.1 (Phase 1), Appendix A.2 (Phase 2),
and Appendix A.3 (Phase 3). The first phase targeted neuromuscular and proprioceptive
training focused on activating the synergist muscles of the ACL to enhance the valgus
collapse dysfunctional pattern, using bodyweight exercises [18]. The second phase empha-
sized correcting and automating functional movement patterns during different amplitudes
COD task [12,21]. In the final phase, a sport-specific context was introduced through dual-
task drills involving small-sided attack-defense scenarios and ball integration, ensuring
that each task had both a functional and tactical objective [53]. During each phase, the
same exercises were performed in every session to promote learning and the automation of
motor patterns [51].

The control group completed 12 weeks of their standard physical training routines
on an artificial grass football pitch. To ensure comparability of training exposure between
groups, external and internal load, adherence, and competition demands, based on the
number of matches played, were systematically standardized and monitored. External
load was monitored through session volume (90 min per session), frequency (four sessions
per week), and intensity using the Rating of Perceived Exertion (RPE) as an indicator of
compliance with planned performance demands [54-56]. Target RPE values were set at
8-9 for the initial sessions and 67 for the final sessions of each microcycle [57]. After each
session, the session duration was recorded by the team coach, and the players self-reported
RPE using a self-designed Google Forms questionnaire. Weekly training load was verified
by comparing recorded values against pre-planned targets and quantified as the product
of these three components to ensure comparability across groups [54-56]. Internal load
was tracked using a standardized wellness questionnaire (1-7 scale) assessing sleep quality,
stress, muscle soreness, and perceived fatigue, thereby capturing individual tolerance and
adequacy of the training stimulus throughout the intervention [58].
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2.6. Data Analysis

EMG and angular velocity data were exported to C3D format and processed using
Visual3D software v2024.08.3 (HAS Motion, Kingston, ON, Canada). EMG signals were
filtered using a second-order Butterworth high-pass filter with a cut-off frequency of 40 Hz
to minimize movement artifacts, then full-wave rectified, and low-pass filtered with a
15Hz cut-off frequency [59]. The maximum observed signal from the filtered data across
all trials and muscles was used to normalize the muscle activity during the preparation
(PREP) phase, defined as 100ms prior to ground contact to the frame immediately before
initial contact, and the loading (LOAD) phase, defined as initial contact to final foot ground
contact [39,60]. Accordingly, average and peak muscle activity outcomes were reported for
analysis during both PREP and LOAD phases, expressed as a percentage of maximum.

The maximums, minimums, and ROM angular velocities in the sagittal, coronal, and
transverse planes were extracted for analysis during the LOAD phase [47]. The maximum
values correspond to the highest positive values for each plane: flexion in sagittal, varus
in coronal, and external rotation in the transverse plane. In contrast, the minimum values
correspond to the lowest negative values for each plane, extension in sagittal, valgus in
coronal, and internal rotation in the transverse plane. The ROM angular velocity was
defined as the difference between the maximum and minimum angular velocities for each
plane, respectively. All angular velocity values were reported in degrees per second (°/s).

2.7. Sample Size

The sample size was estimated using the GRANMO 8.0 calculator (IMIM, Barcelona,
Spain). ST muscle activity was selected as the primary outcome, based on prior evidence
supporting its key role as an ACL synergist during the stabilization process, and therefore
as a critical variable expected to show significant improvement following the interven-
tion [25,36,39,42]. Based on the data reported by Zebis et al., a minimum expected difference
of 15% in peak ST muscle activity, expressed as EMG maximum capacity, during the PREP
phase of a COD test was assumed [36,61]. Considering a two-sided test, an alpha risk of
0.05, and a statistical power of 80%, a minimum of 17 participants per group was required.
An estimated dropout rate of 10% was also considered.

2.8. Statistical Analysis

Shapiro-Wilk tests were conducted to assess the normality of the data. For normally
distributed variables, three-factor mixed model ANOVAs (2 group x 2 time point x 2 limb)
were performed to examine differences in kinematic angular velocity and average and
peak EMG variables across groups (intervention vs. control), time points (pre- vs. post-
intervention), and limb dominance (DL vs. NDL). When significant interactions were found
between group and time (Group*Time) and limb and time (Limb*Time), independent t-tests
were conducted to compare values between the intervention and control groups or between
DL and NDL at both pre- and post-intervention time points. In cases where a three-way
interaction was significant (Group*Limb Dominance*Time), separate paired t-tests were
performed within the intervention and control groups to assess pre- to post-intervention
changes for both DL and NDL. For non-normally distributed data, non-parametric tests
were used. Mann-Whitney U test was applied to compare the intervention and control
groups at pre- and post-intervention time points, with analyses conducted separately for
DL and NDL values. The Wilcoxon signed-rank test was performed for within-group (pre-
to post-intervention) comparisons of DL and NDL separately in both the intervention and
control groups. Statistical significance was set at p < 0.05. In addition, effect sizes were
calculated using Cohen’s d for significant interactions in normally distributed variables
during post hoc pairwise comparisons as well as in all non-normally distributed variables.
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Effect sizes were interpreted as very large when d > 1.0. All analyses were performed using
SPSS Statistics v25.0 (IBM Corp., Armonk, NY, USA).

3. Results

A total of 38 players were initially recruited and assigned to the intervention group
(n = 19) or the control group (n = 19). At follow-up, 35 participants completed the study
(intervention group, n = 17; control group, n = 18). One participant in the intervention
group was lost to follow-up, and two participants, one from each group, were excluded
due to injury sustained during the intervention period. The demographic characteristics
of the participants are presented in Table 1. No significant differences were observed in
demographic characteristics between groups.

Table 1. Demographic characteristics of the players.

Total Intervention Group Control Group
(n = 35) (n=17) (n=18)

Age (years) 15.50 + 1.22 1529 +1.16 15.70 £ 1.27
Height (cm) 164.67 + 6.47 165.96 + 5.90 163.37 £7.05

Pre 58.83 £ 6.08 57.23 +4.59 60.43 £+ 7.57

Weight (Kg)
Post 58.46 £ 6.92 56.55 + 5.90 60.38 £ 7.94
Limb Dominance
(Right/Left) 33/2 17/0 16/2
Football Experience (years) 747 +£1.15 731+1.14 7.62 +1.15

3.1. Kinematic Analysis Findings

Table 2 shows the descriptive analysis for normally distributed data, along with results
from the three-factor mixed model ANOVA for peak and ROM thigh and shank angular
velocities across sagittal, coronal, and transverse planes during the CODAT, performed
with the DL and NDL. No significant main effects or interactions were observed for thigh
angular velocity in the coronal or transverse planes (p > 0.05). In the sagittal plane, the
mixed model ANOVA revealed a significant limb dominance by time interaction (Limb
Dominance*Time) for thigh extension angular velocity (p = 0.021) (Table 2). Post hoc
independent t-test analysis revealed that DL exhibited a significant reduction in thigh
extension angular velocity from pre- to post-intervention (p = 0.040) (Table 7). Additionally,
a significant three-way interaction (Group*Limb Dominance*Time) was found for thigh
sagittal ROM angular velocity (p = 0.025) (Table 2). Post hoc paired t-tests, conducted
separately for the intervention and control groups, indicated that the NDL in the control
group exhibited a significant decrease in thigh sagittal ROM angular velocity from pre- to
post-intervention (p = 0.015) (Table 8).

Table 3 presents the descriptive statistics for non-normally distributed data, along with
results from independent comparisons between groups and paired comparisons within
groups, for peak and ROM angular velocities of the thigh and shank across sagittal, coronal,
and transverse planes during the PREP and LOAD phases of CODAT. Data are reported
separately for the DL and NDL at pre- and post-intervention time points.
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Table 2. Mean = standard deviation (SD) values for normally distributed data are presented, along with results from the three-factor mixed model ANOVA for peak
and range of motion (ROM) thigh and shank angular velocities across sagittal, coronal, and transverse planes during the CODAT, performed with the dominant limb
(DL) and non-dominant limb (NDL).

PRE—Intervention POST—Intervention
Intervention Control Intervention Control p-Value
DL NDL DL NDL DL NDL DL NDL
Group Limb Three-Way
Mean + Standard Deviation * Dom * Interaction
Time Time Effect
Variables Angular Velocity (°/s)
Sagittal Plane
Ex{glgs?on —411.48 4+ 93.96 —371.94 £+ 108.07 —372.98 +97.44 —416.20 £+ 66.06 —343.09 £ 89.08 —354.41 + 58.25 —370.26 +90.12 —367.02 £79.94  0.563 0.021 * 0.100
R%I;/{g;{glgh 619.19 + 164.63 503.77 + 136.82 640.71 4+ 123.78 802.91 + 241.33 554.06 + 128.95 541.26 + 140.35 651.36 + 192.79 645.53 4 241.23 0.320 0.585 0.025 *
Coronal Plane
Vagltl/gkbd 228.21 + 136.64 178.56 + 107.91 260.95 + 129.68 270.16 + 125.84 175.06 + 87.90 190.29 + 118.18 219.12 + 102.56 200.84 + 113.94 0.377 0.581 0.242
R%ﬁgﬁilgh 434.81 + 202.76 371.52 + 167.96 491.34 + 196.53 486.34 + 158.10 345.22 + 114.74 315.97 + 133.25 417.75 + 195.54 416.66 + 183.92 0.987 0.396 0.795
Transverse Plane
Shaé‘l(l:tellrtlitoe;nal 519.46 + 155.96 438.30 + 197.74 512.17 4+ 221.36 568.96 + 271.85 441.06 + 191.96 372.73 + 151.55 632.78 + 300.90 481.96 + 223.89 0.235 0.460 0.141

* and bold Denotes significance. (DL) Dominant Limb/(NDL) Non-Dominant Limb/(Limb Dom) Limb Dominance/ROM (Range of Motion).
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In the sagittal plane, significant post-intervention differences were found between
groups in shank extension, flexion, and sagittal ROM angular velocities in both limbs. The
intervention group demonstrated higher shank extension (p = 0.008 for DL; p = 0.019 for
NDL), shank flexion (p = 0.027 for DL; p = 0.011 for NDL), and shank sagittal ROM (p = 0.005
for DL; p = 0.019 for NDL) angular velocities. Notably, in the pre-intervention assessment,
the intervention group showed significantly lower shank flexion angular velocity in NDL
compared to the control group (p = 0.027). Therefore, the intervention group exhibited a
significant increase in shank flexion angular velocity from pre- to post-intervention in NDL
(p = 0.017). There were no significant differences in thigh flexion angular velocity (Table 3).

In the coronal plane, significant post-intervention differences were found between
groups in thigh valgus angular velocity in NDL, as well as in shank varus and coronal
ROM angular velocities in DL. The intervention group demonstrated lower thigh valgus
(p = 0.008) angular velocity in NDL and higher shank varus (p = 0.022) and shank coronal
ROM (p = 0.029) angular velocities in DL. Additionally, a significant pre-intervention
difference between groups was observed in shank valgus angular velocity in DL, with the
intervention group showing higher shank valgus angular velocity compared to the control
(p = 0.022); however, this difference was no longer present post-intervention. Finally, the
intervention group exhibited a significant increase in shank varus angular velocity from
pre- to post-intervention in NDL (p = 0.013) (Table 3).

In the transverse plane, no significant post-intervention differences were found
between groups. However, the intervention group showed significant pre- to post-
intervention changes in thigh internal and external rotation angular velocities in DL, as
well as in thigh transverse ROM angular velocity in both limbs. The intervention group
demonstrated significant decreases in thigh external and internal rotation (p = 0.010 and
p = 0.017, respectively) in DL, as well as significant decreases in transverse ROM (p = 0.002
for DL; p = 0.014 for NDL) angular velocities in both limbs. Finally, the control group
showed significantly higher shank external rotation (p = 0.027) and shank transverse ROM
(p = 0.042) angular velocities in NDL compared to the intervention group during the
pre-intervention assessment. These differences were no longer present post-intervention,
although no significant pre- to post-intervention changes were observed in either group
(Table 3).

3.2. Muscle Activity Analysis Findings

Tables 4 and 5 show the descriptive analysis for normally distributed data, along with
results from the three-factor mixed model ANOVA for average and peak EMG muscle
activity, for the PREP and LOAD phases, respectively, of the CODAT, performed with
the DL and NDL. No significant main effects or interactions were observed for muscle
activity EMG in the PREP phase (p > 0.05) (Table 4). In the LOAD phase, the mixed model
ANOVA revealed a significant limb dominance by time interaction (Limb Dominance*Time)
for peak BF muscle activity (p = 0.013) (Table 5). Post hoc independent f-test analysis
revealed that NDL exhibited a significant reduction in peak BF muscle activity from pre-
to post-intervention (p = 0.003) (Table 7). Additionally, a significant three-way interaction
(Group*Limb Dominance*Time) was found for peak ST muscle activity (p = 0.006) (Table 5).
Post hoc paired t-tests, conducted separately for the intervention and control groups,
indicated that the DL in the intervention group exhibited a significant decrease in peak ST
muscle activity from pre- to post-intervention (p = 0.006) (Table 8).

Table 6 presents the descriptive statistics for non-normally distributed data, along with
results from independent comparisons between groups and paired comparisons within
groups, for average and peak muscle activity EMG during the load phase of the CODAT.
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Data are reported separately for the dominant limb (DL) and non-dominant limb (NDL) at
pre- and post-intervention time points.

Independent groups analyses revealed significant post-intervention differences in
average ST muscle activity in DL, and in average VM muscle activity in NDL. The inter-
vention group exhibited lower average ST muscle activity in DL (p = 0.001) and higher
average VM muscle activity in NDL (p = 0.041) compared to the control group. Notably, no
differences were found between groups in any muscles at the pre-intervention time point.
Therefore, the intervention group exhibited a significant reduction in average ST muscle
activity from pre- to post-intervention in DL (p = 0.004), along with a significant increase
in average VM muscle activity in both limbs (p < 0.001 for both limbs). In contrast, the
control group demonstrated a significant decrease in average VM muscle activity from pre-
to post-intervention in both limbs (p < 0.001 for both limbs) and a significant reduction in
peak VM muscle activity from pre- to post-intervention in NDL (p = 0.026) (Table 6).
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Table 3. Median and interquartile range [Q1-Q3] values for non-normally distributed data are presented along with results from the Mann-Whitney U test between
groups and with results from the Wilcoxon test within-group, for peak and range of motion (ROM) thigh and shank angular velocities across sagittal, coronal, and

transverse planes during the CODAT, performed with the dominant (DL) and non-dominant limb (NDL).

PRE—Intervention POST—Intervention Wilcoxon p-Value Effzc‘: hSei‘zle
. Mann Effect Size d . Mann Effect Size (PRE—POST) -
Intervention Control Whitney U Cohen Intervention Control Whitney U d Cohen (PRE—POST)
DL NDL DL NDL DL NDL DL NDL DL NDL DL NDL DL NDL DL NDL
Intervention Control Intervention Control
. . Related Related Related Related
Median [Interquartile Range [Q1, Q3] Samples Samples Samples Samples
Analyses Analyses Analyses Analyses
Variables Angular Velocity (°/s)
Sagittal Plane
. 188.33 144.06 267.02 37545 _ 22217 173.98 286.35 213.20 ) ) ) .
FTlhl,g}‘ [90.69, [67.54, [170.31, [191.97, 0318 0.000 * 162 ot [146.82, [78.36, [138.26, [139.41, 0173 0273 213t 2107 0653, 0 NDE 9%+ NDES8,
exion 32376 175.93] 360.21] 575.66] 274.83] 303.44] 412.08] 430.26] 0. 0 = “2
—158.87  —140.63 —66.76 —53.84 _ 17644  —153.94 —41.03 373 ) ) ) )
pohank [ 30597, [-24883, [-15055, [-108.92, 0144 0.403 162 syt (34517, [-30439, [-9831, [-12990, o0008* 0019 ,e0t gt T 062 036 052 028
€nsio) —45.26] 30.78] —23.09] 0.17] ~102.29] —41.63] 36.92] 45.83] Fo e e e
631.67 543.08 487.25 626.43 617.69 666.72 512.74 483.38 ) ) ) )
Fslke‘;r:)l; [552.42, [463.61, [404.33, [483.73, 0.959 0.027% 314t 110t [506.00, [567.76, [404.97, [40454, 0027+ 0011 544+ 278t NDDE; %?)313 . I\PDLL%"’gZ NBE', g'gi + NB%; ?gg +
762.21] 714.58] 677.64] 727.82] 898.83] 929.40] 636.21] 602.36] + 0. 0. 3 o1
ROM 842.77 698.16 546.81 643.83 784.35 820.66 502.79 442.90 ) ) ) .
Shank [612.61, [450.97, [477.07, [506.10, 0.187 0.695 284t 024 [625.18, [567.62, [406.37, 36629,  0005* 0019 5o 219 0538 0 NDE ST 06
Sagittal  1141.90] 956.79] 784.80] 786.20] 111816] 123252 698.93] 768.80] 0. 0. = 0.
Coronal Plane
. 16231 —16746  —20207  —214.72 —153.86 12480  —15856  —197.91 . . st 110t
yi‘gh [-29284, [-24599, [-26643, [-26486, 0303 0258 103 0.98 [-21675, [-16315  [-20094, [-259.17, 1000 9% qopt 45t (PEOHE. DLOLR - DL1eat bLiio’
algus —130.02]  —13590]  —16250]  —162.22] —129.09]  —10045]  —11553]  —121.60] -0 0. :3.8 < 0.0
38744 25758  —25453  —287.05 26601  —17469  -21689  —170.27 ) i ) )
Shanlk [~46628, [-39505, [-391.80, [-411.14,  0.022* 0.695 231t 0.68 [-40642, [-319.93, [-293.05, [-306.65, 0245 0568 125% 025 o0, o 0a0e NoE 98 N Ta0 s
gus —21666]  —18016]  —15722]  —201.79] —18466]  —14555]  —11938]  —91.40] 0. 0 1 s
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Table 3. Cont.
PRE—Intervention POST—Intervention Wilcoxon p-Value chlfeCCc: hSei[zle
. Mann Effect Size d . Mann Effect Size (PRE—POST) ]
Intervention Control Whitney U Cohen Intervention Control Whitney U Cohen (PRE—POST)
DL NDL DL NDL DL NDL DL NDL DL NDL DL NDL DL NDL DL NDL
Intervention Control Intervention Control
. . Related Related Related Related
Median [Interquartile Range [Q1, Q3] Samples Samples Samples Samples
Analyses Analyses Analyses Analyses
Variables Angular Velocity (°/s)
389.33 245.07 256.33 255.11 398.97 358.59 277.35 232.08 ] ] ] ]
%}‘ink [249.25, [174.75, [209.80, [23653,  0.020* 0.251 370t 164t [273.07, [230.03, [144.60, (18034,  0.022% 009 300" 1t (BESsE,  Snes NDOE 38 008,
arus 697.08] 307.50] 308.46] 391.75] 509.85] 536.36] 378.08] 349.75] 0 0. 3. 0.
ROM 75427 43692 552.00 682.15 502.03 544.13 142536 409.67 ] ] o ]
Shank [46827,  [37421,  [390.02,  [456.80,  0.030* 0211 3467 1420 (52755,  [37176,  [26873,  [290.07,  0029* 0110 226t 0.81 \DL: 0469, oL o LoLY 024
Coronal 944.63] 707.55] 662.97] 764.81] 995.34] 813.52] 708.48] 604.89] e -0 :1.32 -0
Transverse Plane
. 483390 35565  —36049  —504.46 27971 25763 32895 38581 . ] o .
[high (72041, [-61518 [-50959, [-67622, 0232 0195 229% 087 [-47898, [-49943 [-51058 [-52798, 0424 01 059 1sot  oEOOUe DRV, DLt D02,
—29317]  —26208]  —24007]  —396.81] “17126]  —17170]  —23447]  —26331] 0. 0. 2. $2.
. 524.72 399.39 358.95 564.44 373.62 359.34 285.87 406,49 ] ] o ]
ETkt“ ht [443.35, [268.46, [258.58, 31006,  0.014* 0126 287t 188* [229.22, [269.68, (185.29, [315.98, 08%2 038  0.09 0.58 13]'519'816% 1\%190312272 DL:3.92 NBIE 053,
xt Ro 799.60] 524.53] 506.70] 614.90] 511.09] 463.13] 537.21] 474.26] 0. 0. NDL: 0.40 +1.
ROM 1100.97 853.41 730.85 1012.31 711.71 619.00 668.46 842.64 . ) et )
Thigh [781.14, [593.04, (52573,  [702.57, 0959 0211 286" 1.68t [418.30, [483.08, (48633,  [643.48, 0961 0184 035 1t et DLesz D385 NDBLoaat
Transverse  1373.19]  1063.16] 112173 123377 946.61] 909.21] 981.02] 971.74] 0 0. NDL: 1.65 +2
38295 38512  —44065  —611.39 —32057  —40248  —48596  —493.12 ] ] i _
Shank (67324, [44865, [70745, [-68334, 0959  0027% 072 200t [-617.07, [-57884, [-959.60, [-566.04, 0303 0483  176%  123% T oAds DL 0dT 033, 08
o —27265]  —21654]  —23045]  —363.50] —23449]  —26121]  —29264]  —27331] 0. 0. : 0. 0.
ROM
923.06 900.56 972.71 1090.74 803.81 730.85 100536 973.91 . ) et 1aat
Shank  [e8s5,  [50976  [60550,  [76562 0959  0.042* 043 28t  [54357  [65087,  [70599,  [69396  009% 0126 2697 226t LR 0A68 DLiO2WS NBL028  NDLiiss*
Trans 122311]  100947)  1323%60] 142379 1218.70] 94461 166409]  1146.79] L 0. 0. 113

* and bold Denotes significance/* denotes effect size d > 1. (DL) Dominant Limb/(NDL) Non-Dominant Limb.
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Table 4. Mean = standard deviation (SD) values for normally distributed data are reported, along with results from a three-factor mixed model ANOVA for average
and peak Biceps Femoris, Semitendinosus, Vastus Medialis, and Vastus Lateralis muscle activity during the preparation phase of the CODAT, performed with the
dominant limb (DL) and non-dominant limb (NDL).

PRE—Intervention POST—Intervention
Intervention Control Intervention Control p-Value
DL NDL DL NDL DL NDL DL NDL
o ) Limb Three-Way
Mean + Standard Deviation Group*Time Dom*Time Intg;?ecgon
Variables Muscle Activity (% of Maximum)

Average Biceps Femoris 0.12 £ 0.03 0.12 £+ 0.05 0.10 £ 0.04 0.12 £ 0.04 0.10 £ 0.04 0.10 £+ 0.07 0.10 £ 0.04 0.11 £+ 0.04 0.569 0.624 0.981
Peak Biceps Femoris 0.58 + 0.15 0.55 +0.18 0.48 +0.22 0.57 £ 0.17 0.50 + 0.18 0.41 +0.22 0.44 +£0.15 0.51 +0.15 0.389 0.528 0.699
Average Semitendinosus 0.13 +0.04 0.13 + 0.04 0.13 + 0.04 0.12 4+ 0.05 0.10 + 0.06 0.15 + 0.06 0.11 4+ 0.05 0.11 + 0.05 0.540 0.080 0.334
Peak Semitendinosus 0.56 + 0.17 0.50 + 0.17 0.55 + 0.16 0.55 + 0.20 0.49 +0.28 0.55 +0.17 0.49 +£0.15 0.50 + 0.21 0.486 0.323 0.488
Average Vastus Lateralis 0.12 +0.04 0.12 + 0.04 0.12 + 0.06 0.11 4+ 0.06 0.10 + 0.04 0.11 + 0.05 0.10 4+ 0.05 0.08 + 0.05 0.447 0.645 0.571
Peak Vastus Lateralis 0.50 &+ 0.19 0.53 +0.13 0.51 +0.18 0.49 +0.22 0.45 +0.17 0.52 +0.24 0.47 +£0.18 0.37 +0.20 0.505 0.823 0.353
Average Vastus Medialis 0.14 +0.04 0.13 + 0.06 0.13 + 0.04 0.12 4+ 0.05 0.13 + 0.04 0.13 + 0.07 0.12 4+ 0.05 0.09 &+ 0.06 0.488 0.672 0.359
Peak Vastus Medialis 0.55 +0.12 0.49 +0.15 0.51 +0.14 0.53 +0.20 0.47 +0.18 0.44 +0.20 0.53 +0.18 0.38 + 0.25 0.876 0.242 0.105

(DL) Dominant Limb (NDL) Non-Dominant Limb.

Table 5. Mean =+ standard deviation (SD) values for normally distributed data are reported, along with results from a three-factor mixed model ANOVA for peak
Biceps Femoris and Semitendinosus muscle activity during the load phase of the CODAT, performed with the dominant limb (DL) and non-dominant limb (NDL).

PRE—Intervention POST—Intervention
Intervention Control Intervention Control p-Value
DL NDL DL NDL DL NDL DL NDL
Parametric Analysis Mean + Standard Deviation Group*Time Doﬁ‘}‘T'gme IntEe;'faecgon
Variables Muscle Activity (% of Maximum)
Peak Biceps Femoris 053+014 051+013 048+019 058+0.15 051+019 037+024 056=+0.13 0.48 £0.18 0.212 0.013 * 0.633
Peak Semitendinosus 051+015 044+014 045+0.12 049+021 030+0.19 039+0.14 047 +0.16 0.36 £ 0.15 0.173 0.945 0.006 *

* and bold Denotes significance. (DL) Dominant Limb/(NDL) Non-Dominant Limb.
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Table 6. Median and interquartile range [Q1-Q3] values for non-normally distributed data are presented, along with results from the Mann-Whitney U test between
groups and with results from the Wilcoxon test within-group, for peak and average Biceps Femoris, Semitendinosus, Vastus Medialis, and Vastus Lateralis muscle
activity during the load phase of the CODAT, performed with the dominant limb (DL) and non-dominant limb (NDL).

PRE—Intervention POST—Intervention Effect Size
- - Wilcoxon p-Value Cohen
Intervention Control Wll::[t;‘:;' U Esféc;hsel:le Intervention Control Wll::[t;l:;' U ngéccfhsel:le (PRE—POST) (PRE—POST)
DL NDL DL NDL DL NDL DL NDL DL NDL DL NDL DL NDL DL NDL

Intervention Control Intervention Control

. . Related Related Related Related

Median [Interquartile range [Q1, Q3] Samples Samples Samples Samples

Analyses Analyses Analyses Analyses

Variables Muscle Activity (% of Maximum)

Average 010[0.08, 0.10[008, 0.10[0.08, 0.12[0.09, 4 010[007, 009[0.03, 011[0.09, 0.10[0.07, B DL: 0.657 DL: 0.156 DL: 0.00 DL: 1.00
Biceps Femoris 0.12] 0.12] 0.13] 0.15] 0883 0163 000 2.00 0.13] 0.14] 0.13] 0.12] 0424 0318 1.00 2.00 NDL: 0.156 NDL: 0.420 NDL:2.00 * NDL: 2.00 t

Average 009[0.06, 0.09[007, 009[0.08, 0.11[0.08, + 005[0.02, 0.09[0.05 0.09[0.07, 0.08[0.06, . + DL: 0.004 * DL: 0.750 DL:4.00 t DL: 1.00
Semitendinosus 0.12] 0.11] 0.11] 0.13] 0883 0118 0.00 2.00 0.08] 0.10] 0.12] 0.11] 0.001 0782 5.00 1.00 NDL: 0.652 NDL: 0.117 NDL: 0.00 NDL: 3.00 *

Average 015[0.11, 0.13[011, 012[0.07,  0.13[0.08, + + 014[010, 0.14[0.09, 013[0.07,  0.08 [0.06, ' B DL: 1.000 DL: 0.324 DL: 1.00 DL: 1.00
Vastus Lateralis 017] 0.16] 0.17] 0.16] 03030335 200 3.00 0.16] 0.17] 0.16] 0.11] 0351 0173 200 2.00 NDL: 0.089 NDL: 0.128 NDL: 2.00 * NDL: 1.00

Peak 066048, 0.64[0.61, 059046,  0.65[0.51, + . 068[0.60, 0.68[0.39, 058[038, 043[0.32, + B DL: 0.756 DL: 0.459 DL: 0.00 DL: 1.00
Vastus Lateralis 0.74] 0.71] 0.68] 0.72] 02190660 111 1.88 0.74] 0.77] 0.68] 0.61] 0083 0207 199 1.67 NDL: 0.121 NDL: 0.124 NDL:190t  NDL 167
Average 014[0.11, 0.14[009, 0.14[0.10, 0.12[0.09, 015[011, 0.16[0.07, 013[0.09,  0.10[0.06, + ' DL: 0.000 * DL: 0.000 * DL: 110t DL:1.10*
Vastus Medialis 0.18] 0.17] 0.17] 0.17] 0.660 0708 100 1.00 0.18] 0.19] 0.16] 0.14] 0245 0.041% 2.0 255 NDL:0.000*  NDL:0.000*  NDL: 126" NDL: 3.00 t

Peak 062[051, 0.60[041, 060[0.53, 0.62[0.48, 066[053, 0.57[043, 0.64[057, 041[0.29, B DL: 0.943 DL: 0.381 DL: 0.00 DL: 0.85
Vastus Medialis 0.73] 0.68] 0.69] 0.72] 0613 038 028 0.66 0.70] 0.71] 0.72] 0.61] 0684 0126 0.50 2.00 NDL:0538  NDL:0.026 * NDL: 0.39 NDL: 320 t

* and bold Denotes significance/* denotes effect size d > 1. (DL) Dominant Limb/(NDL) Non-Dominant Limb.
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Table 7. Kinematics and muscle activity pairwise comparisons for significant limb dominance by

time interactions (Limb Dominance*Time).

Mean Value Effect Size 95% Confidence Intervals for Differences
Difference ¢ d Cohen
Lower Bound Upper Bound
Variable—Kinematics

Thigh Extension DL_PRE and POST —34.62 0.040 * 220t —67.62 —1.62

Angular Velocity NDL_PRE and POST ~33.81 0.053 2481 —68.02 0.40
Variable—Muscle Activity EMG
. . DL_PRE and POST —0.03 0.432 1.00 —0.10 0.05
Peak Biceps Femoris

Load Phase NDL_PRE and POST 0.12 0.003 * 379F 0.04 0.19

* and bold Denotes significance/ * denotes effect size d > 1. (PRE) Pre-intervention Assessment/(POST) Post-
intervention Assessment/(DL) Dominant Limb. (NDL) Non-Dominant Limb.

Table 8. Kinematic and muscle activity pairwise comparison for significant three-way interactions
(Group*Limb Dominance*Time).

95% Confidence Intervals for Differences

Mean Effect Size

. -Value
Difference L d Cohen éguw:é Upper Bound
Variables—Kinematics
ROM Thigh Sagittal Angular Velocity
DL PRE-POST 65.14 0.137 0.44 —23.07 153.34
Intervention
NDL PRE-POST —37.49 0.442 0.07 —138.36 63.39
DL PRE-POST —10.65 0.834 0.27 —116.16 94.87
Control
NDL PRE-POST 157.38 0.015 * 0.65 34.37 280.39
Variable—Muscle Activity EMG
Peak Semitendinosus Load Phase
DL PRE-POST 0.21 0.006 * 1.23% 0.07 0.34
Intervention
NDL PRE-POST 0.05 0.362 0.14 —0.06 0.16
DL PRE-POST —0.02 0.677 0.36 —0.12 0.08
Control
NDL PRE-POST 0.13 0.103 0.71 —0.03 0.28

* and bold Denotes significance/ * denotes effect size d > 1. (PRE) Pre-intervention Assessment/(POST) Post-
intervention Assessment/(DL) Dominant Limb (NDL) Non-Dominant Limb/ROM (Range of Motion).

4. Discussion

The aim of this study was to examine the effects of a 12-week multicomponent peri-
odized program on movement quality and motor control in female youth football players,
based on changes in three-dimensional knee angular velocity and muscle activity of the
hamstrings and quadriceps during a COD task. The primary findings revealed that the pro-
gram significantly improved both kinematic and muscle activity patterns during COD tasks,
supporting our hypothesis. Specifically, post-intervention, the intervention group increased
sagittal plane shank angular velocity, reflecting optimized functional performance strategy;
reduced shank and thigh valgus angular velocity in the coronal plane, and diminished
thigh peaks and range of angular velocities in the transverse plane, which suggests the
multicomponent program enhanced quality of movement in all three planes during the
CODAT. Currently, muscular activity modifications characterized by reduced average and
peak ST muscle activity, indicating less compensatory hamstring activation is required
to stabilize the joint dynamically, alongside increased VM muscle activity, demonstrate a
more efficient contribution of the medial thigh stabilizers of the knee relative to the lateral
thigh muscles during the LOAD phase. Notably, most of the functional adaptations were
observed in DL, which initially presented higher baseline values associated with the ACL
injury mechanism.

In the sagittal plane, the intervention group demonstrated significantly higher post-
intervention shank extension, flexion, and sagittal ROM angular velocities in both DL and
NDL compared to the control group, following the multicomponent program. Notably,
the intervention significantly increased shank flexion angular velocity in NDL, while the
control group exhibited a significant decrease in thigh sagittal ROM angular velocity from
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pre- to post-intervention in NDL. These kinematic adaptations suggest that, following the
multicomponent program, the intervention group demonstrated greater effectiveness in
rapidly decelerating the initial flexion-directed angular velocity and subsequently gen-
erating the extension-directed angular velocity required for body reorientation during
COD. This reflects an optimized transition from the flexion-oriented displacement to the
propulsion phase, dominated by extension-oriented displacement [15,19,29,62]. Conse-
quently, the intervention group may exhibit a more efficient kinematic strategy in this
sagittal plane, consistent with enhanced performance in football-specific tasks, such as
faster cutting execution or rapid knee extension, which appears to have developed as
previously described in the literature [15,19,62,63]. Notably, these improvements occurred
in both limbs, indicating a balanced effect of the intervention. Given that the ACL functions
as the primary restraint against anterior tibial shear, providing approximately 70-87% of the
resistance in the sagittal plane, these findings indicate that improvements in sagittal plane
quality of movement may contribute to the reduction or reversal of potential biomechanical
parameters associated with ACL injury mechanisms [11,32].

The intervention group significantly reduced thigh valgus angular velocity in NDL
and a reversal of previously elevated shank valgus angular velocity in DL, suggesting
improved coronal plane kinematic control post-intervention compared to the control group.
Furthermore, the intervention group exhibited greater shank varus and increased coronal
ROM angular velocities in DL. In the transverse plane, no significant between-group
differences were observed after the program; however, within the intervention group,
significant pre- to post-intervention reductions were found in thigh internal and external
rotation angular velocities in DL, as well as in transverse ROM in both DL and NDL. Valgus
collapse, defined by knee abduction and excessive transverse motion, is widely recognized
as a primary risk factor for ACL injury [9,11,26,27]. In our study, the control group showed
progression toward this pattern during the intervention period, possibly due to the seasonal
physical load. The intervention group, particularly in DL, may mitigate the kinematics
associated with the ACL injury mechanism with a more favorable kinematic pattern. While
prior studies have reduced knee abduction [12,18,21], this program uniquely addressed
combined dysfunctional kinematic adjustments in both the coronal and transverse planes,
especially during the early load phase of COD, which aligns with high prevalence timing
of ACL injury [33]. These findings support recent evidence indicating that increased
angular velocity and ROM, rather than rotation direction alone, are the most critical clinical
concerns [11,25,64].

Finally, no significant main effects or interactions were observed for muscle activity in
the PREP phase of CODAT. However, in the LOAD phase, the intervention group exhibited
a significant reduction in both average and peak ST muscle activity in DL, along with a
significant increase in average VM in both limbs. Conversely, the control group showed
a significant decline in average and peak VM muscle activity over the follow-up period.
Considering the multiplanar knee kinematics involved during COD tasks, the hamstrings
and quadriceps act as key stabilizers of the knee [28,35,65]. Specifically, ST compresses
the medial compartment and synergistically works with VM to provide medial stability
and counteract the pivot shift mechanism [25,36-38]. The improved movement quality
previously described may reflect enhanced motor control. Zebis et al. reported that ACL-
injured players, who adopted a more upright posture during COD, showed preferential ST
muscle activity compared to other thigh muscles. In this context, the reduced hamstring
activity observed in the intervention group may indicate improved neuromuscular effi-
ciency, likely associated with optimized knee positioning during dynamic stabilization
tasks [36,43,45]. Furthermore, recent findings by Jeong et al. demonstrated that significant
improvements in coronal plane risk-related kinematic parameters were accompanied by
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increased VM muscle activity. Accordingly, the increased VM muscle activity suggests
enhanced function of the medial knee stabilizers and improved lateral-to-medial muscle
balance, a recognized protective factor against ACL injury [25,38]. In contrast, the control
group decreases VM activation, which may be attributed to the cumulative effects of the
seasonal physical loading.

4.1. Limitations

This study presents several limitations. First, this study employed a non-randomized
controlled design; future studies using randomized allocation of players or teams could
strengthen the external validity of the findings. Second, although multiple criteria were
applied to quantify and monitor training load to ensure compliance with pre-planned
values and comparable exposure across groups, standardizing the warm-up routines of the
control group could further strengthen the baseline and improve the reliability of compara-
tive analyses. Third, while the 12-week intervention demonstrated efficacy, prospective
follow-up is necessary to evaluate long-term adaptations, the maintenance of effects in
reducing biomechanical parameters associated with the ACL injury mechanism, and the
potential risk of detraining. According to the literature, specific prevention programs can
reduce ACL injury rates by up to 67% [17,18]; therefore, incorporating such measures could
help verify preventive effects. Future research could also incorporate subjective measures
to investigate the relationship between biomechanical improvements and the player’s
perceived functional changes. While this study employed self-reported questionnaires to
monitor load perception and training adequacy, including these outcomes in conjunction
with objective biomechanical data may better inform clinical progression, optimize physical
load management, and support individualized and sustainable implementation of ACL
injury prevention strategies within football training environments.

4.2. Clinical Contributions

The implementation of a multicomponent program specifically designed to automate
the COD functional mechanisms, based on neuromuscular training, COD technique modi-
fication, and real-time feedback, has proven to be an effective strategy, reliable even under
high-intensity COD demands, and closely linked to ACL risk injury. The program structure,
utilizing a mesocycle-based periodization model, incorporates progressively demanding
objectives that provide objective criteria for progression, aligned with the player’s improve-
ment capabilities. The session format, carried out in pairs and organized in a circuit, allows
for continuous verbal feedback from coaches and peers, while also facilitating video record-
ing for subsequent visual feedback. This dual-feedback system enhances self-perception,
supports functional integration, and increases overall program effectiveness. Finally, in
alignment with recent clinical guidelines, this approach holds strong clinical value for
female youth football players, a group characterized by high neuromuscular plasticity. As
such, early implementation may promote long-term improvements in movement quality
and motor control, significantly contributing to the reduction in developing biomechanical
dysfunctional adjustments associated with ACL injury mechanisms.

5. Conclusions

The 12-week multicomponent periodized program effectively modified three-
dimensional knee kinematics and muscle activity during the COD task in female youth
football players. Improvements in movement quality were reflected by increased shank
extension, flexion, and sagittal ROM angular velocities, alongside reduced thigh and shank
valgus and enhanced shank varus and coronal ROM angular velocities. Additionally, the
intervention significantly reduced thigh internal and external rotation, lowering transverse
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ROM angular velocity. These kinematic adaptations were accompanied by improvements
in motor control, evidenced by reduced average ST and peak hamstrings muscle activity,
and increased VM activity. Functional changes were more pronounced in DL, potentially
due to poorer baseline function. In summary, the proposed multicomponent periodized
program based on neuromuscular training, COD technique modification, and real-time
feedback proved effective in enhancing movement quality and motor control. These adap-
tations contribute to the reduction in potential biomechanical dysfunctional adjustments
associated with ACL injury mechanisms, supporting the effectiveness of the program as a
targeted injury-prevention strategy for female youth football players.

Author Contributions: Conceptualization, L.F-L., M.O.L.-L. and M.A.; methodology, L.E-L., M.A,,
M.O.L.-L. and G.J.C,; software, L.E.-L. and G.J.C.; validation, L.V.-P,, R.S.-R. and B.S.; formal anal-
ysis, JM.T.-M. and C.H.-G,; investigation, M.A., L.V.-P, R.S.-R. and B.S,; resources, ] M.T.-M.; data
curation, M.A., L.V.-P. and G.J.C.; writing—original draft preparation, L.F.-L.; writing—review and
editing, M.O.L.-L., R S.-R. and G.J.C,; visualization, M.A.; supervision, M.O.L.-L. and C.H.-G.; project
administration, M.A., JM.T.-M. and G.J.C. All authors have read and agreed to the published version
of the manuscript.

Funding: Loreto Ferrandez-Laliena received a PhD fellow supported by Gobierno de Aragén (Spain),
ORDEN CUS/621/2023, 10 May 2023 (BOA 245 18 May 2023).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Research Ethics Committee of the Community of Aragén (protocol
code PI20/127; date of approval: 18 March 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Written informed consent was obtained from the patient(s) to publish this paper.

Data Availability Statement: The datasets presented in this study are available on request from the
corresponding author. All data covered by this study are included in this manuscript.

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

Abbreviations

The following abbreviations are used in this manuscript:

ACL Anterior Cruciate Ligament
EMG Electromyography

ST Semitendinosus

BF Biceps Femoris

VM Vastus Medialis

VL Vastus Lateralis

PREP Preparation phase

LOAD Load phase

ROM Range of Motion

DL Dominant Limb

NDL Non-Dominant Limb

CODAT Change of Direction and Acceleration Test
COD Change of Direction

RPE Rating of Perceived Exertion
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Appendix A. Multicomponent Periodized Program
Appendix A.1. First Phase of Multicomponent Periodized Program

Isolated activation of key thigh muscles, strengthening of ACL synergist muscles, and general coordination of limb dominance under low-intensity

MAIN
OBJECTIVE

.o
ECCENTRIC HAMSTRING Hamstring and gluteal muscles
1 From a kneeling position, players lean forward and 1'x 2 rounds Nothing activation in an isometric and
resist falling. eccenstric.
B
e Q4 GLUTEUS The player starts by kneel on hands and " .
knees with the trunk parallel to the ground, and Spe‘.:mc strengthenlr?g of the glulfaus
: N N . " . medius, gluteus maximus, and spinal
performs two exercises: first, gluteus maximus kicks, 1'x 2 rounds Nothing A~ P
A . N extensors, replicating their primary
followed by gluteus medius hip abductions, holding functional mechanisms.
each movement for 30 seconds per limb.
.
g uu e

PR . G i I Y LL-COD JUMP Gluteus medius and maximus

[ — :?’T’ The player starts in the center, performs four one- activation, strengthening, and

n Moeong touch passes, then executes a lateral run. Upon , integration during single-leg

3 s s ol T reaching the cone, they jump toward the farthest T'x2rounds Cones and ball stabilization under multiplanar
T s i g lateral cone. The sequence then resets, starting again loading, emphasizing braking and drop|
mechanics.

aniason dsglacement sslacement sabizaion

with four one-touch passes.

Coordination of hip and knee flexors
and extensors in a dynamic, football-

3 LUNGE

The player starts on the line, performs a forward lunge

‘% for 5 meters, then returns backward. Next, they
4 - N execute a maximal hip-flexor contraction in hip flexion 1'x 2 rounds Cones specific task, incorporating single-leg
and return backward. Finally, the player performs drop-jump stabilization for enhanced
neuromuscular control.

single-leg vertical jumps followed by a backward
return, maintaining control and stability throughout.

General lower-limb coordination and
single-leg stabilization, incluiding
dominant and non-dominant limb,

during a drop landing. Includes

\\_/ LADDER JUMP 2/1

Using an agility ladder, the player performs alternating

—Sm double- and single-leg hops (double-leg — right
ooy < ingle-leg — double-leg — left single-leg), followed Coordination ladder| . . y
gle-leg g gle-leg), . ~
5 by four forward strides. After finishing, they run T'x2rounds and cones - hz::::gﬁ:ﬁ“gfeglsuf:alc :::a,;ﬂrl?
N PN I
bac!(yvard to the start. Progression uses single-leg ) muscles. Followed by baciward
running emphasizing hamstring and

R laterally and double-leg skipping inside
| | the ladder, emphasizing football-specific coordination.

gluteal recruitment.

U Integrate dual-role capacity
SL-SHOT N I
: . . combining single-leg stabilization and
Ore-touch W1 The blue player sprints forward, simulating a run off L N N
o passing N striking with both dominant and non-
> fasthrowin) : the ball for a throw-in. The red player executes the . ) . ) N
< < o N A 3 . . Cones, elastic band dominant limb. Emphasize coordinated
. d throw-in, delivering the ball at mid-height. The blue 1'x 2 rounds N N
e N and ball o| action and strengthening of the core
m sm player must return the ball with a controlled one-touch ) 3
il and back extensors during the specific|
striking action, targeting hip flexors

pass, alternating between the dominant and non-

dominant limb, and then repeat the sequence. and knee extensors,

COD (Change of Direction) | SL (Single Leg) | BP (Bipedal) [ACL (Anterior Cruciate Ligament) |Q4 (Quadruped position on hands and knees) | LL (Laterolateral COD)
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Appendix A.2. Second Phase of Multicomponent Periodized Program

PMSE 2: SPECIFIC WARM UP (5' Mobility + 5' Activation) (20' Specific Progran (6 exercise 1) x 2 repetitions + 8' total rest (30" after each exercise+!' after each round) x 2 repetitions)

£

Gateshot @

|

D ]

providing a push during the airborne phase). The
sequence concludes with two additional strides and
shooting.

football gate

EXERCISE SCHEME DESCRIPTION REPETITIONS MATERIAL PICTURE SPECIFIC OBJECTIVE
U Integration of braking mechanisms
£ 00D Backward ANTPOST-LUNGE during forward-backward COD
n The player runs forward and then brakes to change . N
direction i . (sagittal plane with frontal
 Jumping Lunge lirection into a backward run. Midway through, they "
. . ) . N N \ displacement).
sm performa jump lunge with a limb switch and continues 1 x 2 rounds Cones and ball . N .
. . N Hamstring-quadriceps co-contraction
< 0D Forward running backward until they stop, placing nearly all P o
. . I N and drop stabilization during high-
their weight on the rear limb to brake again and intensity jumps under fatigue
. change direction into a forward run. Y] 'TIJ_ . 9
\ m / conditions.
EXERCISE SCHEME DESCRIPTION REPETITIONS MATERIAL PICTURE SPECIFIC OBJECTIVE
U 45° BREAK SL ) ) !
The player begins with four consecutive single-le Integration of braking mechanisms
i CODBackward & pray eg y 9 9 . during 45°COD (combined coronal and
hops, alternating limbs. They then move laterally at a
o transverse planes, lateral
B - 45° angle toward a cone, where they perform a one-leg .
" I . " Cones and 20-cm displacement).
stabilization. From there, they return laterally using a 1 x 2 rounds . . "
. plyometric hurdle Valgus collapse control via specific
& single-leg hops crossover step before repeating the sequence of four L Lo
N L N hip-thigh muscle activation and drop
single-leg hops to the opposite side. The progression S NN "
h I n stabilization during high-velocity
. incorporates ball shooting immediately after the one- . 4
N P actions under fatigue.
\ r leg braking stabilization.
EXERCISE SCHEME DESCRIPTION REPETITIONS MATERIAL PICTURE SPECIFIC OBJECTIVE
. \_/ g
o o ANTPOST COD (S180°)
hee The player performs a lateral ladder drill, completing 1
i four steps to one side and four to the other, Cones and General coordination and integration
3 EENET high knee drive. i afterward, 1'x 2 rounds rdinarion ladder | of repeated braking in 180°COD tasks
" they accelerate into a sprint, executes a 180° change of coordinarion taddet during high-intensity actions.
direction, and return to the starting point with
. backward running.
EXERCISE SCHEME DESCRIPTION REPETITIONS MATERIAL PICTURE SPECIFIC OBJECTIVE
CDDU
o Let
$ o 3 JUMP-SL 90° COD m M‘f 'ﬂ Acceleration capacity and 90° COD
B The player performs 4 single-leg jumps, alternating reactivity under unexpected
" limbs. Immediately after, they sprints 5 meters and Tx2 d Cones and 20-cm conditions, following single-leg drop
0.2 tsingle-loghops executes a 90° COD to the right or left, as indicated by a| X £ rounds plyometric hurdle 3 stabilization, engaging key lower-limb
° teammate’s signal. Following the COD, the player runs muscles during a bipedal task with
’—% backwards to return to the starting position. multiplanar loading demands.
EXERCISE SCHEME DESCRIPTION REPETITIONS MATERIAL PICTURE SPECIFIC OBJECTIVE
LATERAL ACL JUMP
smsm The player performs a lateral squat jump, taking off Challenge and retraining of
i & 3 and landing on the same leg. Repeating the movement neuromuscular control to resist
5 to the opposite side, finishing with a shooting and a one; 1 x 2 rounds Cones dynamic valgus collapse during high-
leg stabilization. An optional progression involves intensity single-leg actions under
shooting the ball immediately following the fatigue.
. stabilization phase.
EXERCISE SCHEME DESCRIPTION REPETITIONS MATERIAL PICTURE SPECIFIC OBJECTIVE
2% Joaueeghons BP-JUMP-SHOT Integration of s!ngle—leg s_tablllzanon
A . and Hamstring-quadricep co-
am The player performs two consecutive bilateral jumps, . . .
< @ Teammate Push followed by a high stride jump (with a teammate Cones, ball and contraction with core and posterior
6 I 1'x 2 rounds ' chain activation during high-intensity

acceleration tasks and football-
specific shooting actions, emphasizing
sequential acceleration patterns.

COD (Change of Direction) | SL (Single Leg) | BP (Bipedal) |ACL (Anterior Cruciate Ligament)| ANTPOST (Antero-Posterior Change of Direction)
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Appendix A.3. Third Phase of Multicomponent Periodized Program

opposite flank from the start of the drill. The blue
player opens the play and makes a diagonal run off the|
ball. The red player receives developed appropriate
body orientation, controls the ball, and delivers a cross|
for a finish over the blue player.

DESCRIPTION REPETITIONS MATERIAL PICTURE SPECIFIC OBJECTIVE
ANTPOST COD-1v1
Two players face each other and exchange short, one- Acquisition of movement
touch passes. When one player calls ‘GO, both players. automatization through high-intensity
sprint backward, execute forward COD, then another 1'x 2 rounds Cones and ball antero-posterior COD
backward COD, competing to reach the opponent first (forward-backward integration) within|
while protecting the ball. The sequence is then a football-specific context.
repeated.
EXERCISE PICTURE DESCRIPTION REPETITIONS MATERIAL SPECIFIC OBJECTIVE
v1 DEF/OFF LL-COD Acquisition of movement
B - The player performs a long aerial pass to the other automatization through repeated COD
y player. The receiving player controls the ball and actions in defensive-role situations.
2 . CECEED . attacks against the base of the player who made the 1'x 2 rounds Cones and ball 1 duels under equal conditions,
B pass. Defensive player performs passive positional emphasizing body orientation,
N\ defense, focusing on positioning rather than tackling or | reactivity, and the brake-acceleration
. pressing, to allow develop free attack. sequence during the defensive phase.
= \}/ e 2 Weery Acquisition of movement
The player performs a long aerial pass ito the other S
/ automatization through repeated COD
i / player. The other control the ball and and attacks L . P
P 5 actions in defensive-role situations.
/ against the base of the player who has given the pass. N
7 et st The defensive player performs an intensive positional | T x 2 round: Cones and ball 21 duels under numerical
. player performs an intensive positional X 2 rounds es and bal Firsayt-ar =
L. o & N N N . 0 2 P superiority-inferiority conditions,
e defense, focusing on closing and covering the passing L ) 7 4 ,‘ . N P
5 Prenoh 5 g emphasizing offensive anticipation to
lanes while maintaining an appropriate body e wape o waf
. orientation to guide the attacker’s direction and limit te sp: . e P 9
B H aimed at covering passing lanes.
\ r passing options.
EXERCISE PICTURE DESCRIPTION REPETITIONS MATERIAL PICTURE SPECIFIC OBJECTIVE
s \_/
% “rie
L 3 COD-FEINT-3TH
" The red player passes to the blue player, who performs| Automation of the COD-feint-pass
N ,_| Ya a feint and combines with a wall pass (one-two). The sequence, integrated with the tactical
3 — blue player then sprints to the next cone to receive a 1'x 2 rounds Cones and ball concept of the third-man principle to
SEOUENCE K—,Z diagonal pass fromthe red player. Red continues by create space through triangulation
ey moving to the next cone ahead to receive the return play.
o pass from blue. The sequence then restarts.
D (]
EXERCISE PICTURE DESCRIPTION REPETITIONS MATERIAL PICTURE SPECIFIC OBJECTIVE
U MRROW LL-COD v1
0m The red player leads the drill, performing side-to-side
i i 4 movements until changing pace to sprint toward a Acquisition of automatized lateral COD
Sm| cone. The blue player mirrors the movement toward the| B and side-to-side displacement under
° b M opposite side. Both players then compete for the ball: " high-intensity, unexpected conditions,
4 W doet aton the first to arrive assumes the attacking role, while the| | X 27" Cones and ball influenced by defensive role,
- = - second performs passive defense until reaching the emphasizing reactivity and adaptation
. end line on their respective side (right for red, left for in a football-specific duel context.
blue). Progression involves performing the drill with
N\ active defense.
EXERCISE PICTURE DESCRIPTION REPETITIONS MATERIAL PICTURE SPECIFIC OBJECTIVE
V1 ONE-TWO "
. U The blue player starts upon receiving the cue from the Adaptation to the open-play context of
’ . football, shaped by individual player
S é S red player. She then sprints forward, performs a feint o N
. . 5 decision-making. Development of
sn) S around the cone, and chooses either the right or left ¥ 1 : :
Y - W N A =1 LY  automatized multiplanar COD,
< duel side. Based on this decision, the red player executes a " . . N )
action . 1'x 2 rounds Cones and ball ~, \ | integrated into specific-football
one-two pass to the chosen side. The red player then g T : N :
" : . o I JAar ] actions such as offensive feints or
dribbles around the cone on that side and attacks in a ~=/ J . . y
. . . ) * ¢ 25 defensive body-orientation, executed
W1 duel against the blue player, who provides passive (3 Vapr Al 2 Co " .
s N under high-intensity, unpredictable
defense toward the opposite side cone line. The .
L " " environment.
\ f progression introduces active defensive engagement.
EXERCISE PICTURE DESCRIPTION REPETITIONS MATERIAL PICTURE SPECIFIC OBJECTIVE
FIRST U
SEQUENCE
2Single-leg jumps SHOT ON GOAL SEQUENCE
H The blue player initiates a forward pass to the red
player, who receives the ball in motion. The blue player| Introduce automated COD mechanisms|
then performs two single-leg hops and makes a within a high-intensity specific-
diagonal run to receive a pass in the attacking third. football context of goal-scoring
f The red player, acting as the forward, plays a one-two Tx2 rounds Cones, ball and actions, integrating technical elements|
pass and moves wide to receive the ball on the gate Lohae.il such as feints, oriented ball control,

& | and off-the-ball movements, with goal,
L completion as the primary success
criterion.

COD (Change of Direction) | SL (Single Leg) | BP (Bipedal) |ACL (Anterior Cruciate Ligament) | ANTPOST (Antero-Posterior Change of Direction) | LL (Laterolateral COD) | 3TH (third-man tactical football concept)
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