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Featured Application

This study supports the importance of integrating three-dimensional kinematics with
muscle activity analysis during sport-specific functional tasks that replicate anterior cruciate
ligament injury mechanisms to improve the identification of compensatory motor control
strategies after anterior cruciate ligament reconstruction and provide a more robust basis
for return to play decision-making, specific in female football players, thereby reducing the
risk of secondary anterior cruciate ligament injury.

Abstract

The high rate of reinjury after anterior cruciate ligament reconstruction (ACLR), persis-
tent sex-related disparity, and increased susceptibility during transitional stages in female
football players highlight the need for more specific strategies to identify biomechanical pa-
rameters associated with valgus collapse. This study aimed to compare three-dimensional
knee kinematic and synchronized electromyography (EMG) muscle activity of the medial
and lateral thigh muscle complexes during a change of direction (COD) task, between ACLR
and healthy controls players. A cross-sectional case—control study was conducted with
26 under-23 semiprofessional female football players (22.89 £ 2.68 years), divided into
ACLR (n = 13) and control (n = 13) groups. The maximum and minimum peaks and range of
knee angular velocity across three planes, along with the average and peak electromyogra-
W) Check for updates ‘ phy (EMG) muscle activity of the Biceps Femoris (BF), Semitendinosus (ST), Vastus Medialis
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1. Introduction

The anterior cruciate ligament (ACL) injury is one of the most severe injuries in female
football, due to its highly incidence, burden, rate of short-term reinjury and long-term
impact on performance. In elite players, ACL injury incidence reaches 0.2 injuries per
1000 h of exposure, corresponding to 0.7 injuries per squad and season [1-3]. This incidence
increases to 0.3-0.4 injuries per 1000 h of exposure in semiprofessional players, particularly
during transitional stages in which the performance functional demands may exceed the
functional capacity of the players [2,4]. In contrast, male players show lower ACL injury
rates during comparable stages of development, 0-0.2 injuries per 1000 h of exposure [2].
This sex-related disparity highlights the necessity of more specific strategies to improve
the identification of biomechanical parameters associated with ACL injury mechanism in
female players during this key stage of performance development [5].

Although anterior cruciate ligament reconstruction (ACLR) is often recommended
to restore knee stability, only 69% of pivoting sports players, such as football players,
return to play after surgical intervention, and just 60% of them return to preinjury lev-
els of competition [5-8]. Moreover, reinjury risk remains substantial, ranging from 24 to
30% within the first two years after return to play, increasing in female players injured
during key academy stages to approximately 35% [5,6,9]. These persistent reinjury rates
suggest that current clinical assessment post ACLR may not adequately detect biomechani-
cal deficits required in high-intensity performance football environment [5,6]. Therefore,
the integration of synchronized kinematic and muscle activity assessments during sport-
specific tasks that replicate ACL injury mechanisms may improve the identification of
dysfunctional compensatory strategies and provide a more robust basis for return-to-play
decision-making, thereby reducing the risk of secondary ACL injury [3,6].

Approximately 59-64% of ACL injuries in female football occur via a non-contact
mechanism associated with a proprioceptive motor control failure, therefore theoret-
ically preventable by the identification of biomechanical parameters related to injury
mechanisms [4,5,8,10,11]. However, most accepted return-to-play tests are based on hop
tests or isometric strength measures, despite evidence that nearly 70% of ACL injuries
are produced during high-speed change of direction (COD) tasks [3,5,6,10]. Epidemio-
logical research indicates that these injuries most frequently occur when defending, in
situations in which players must execute rapid and unanticipated reactions to an oppo-
nent’s movement [10]. Under these conditions, COD imposes highly multiplanar kinematic
demands on the knee that may exceed the tensile capacity of the ACL, especially in play-
ers who exhibit dysfunctional patterns such as valgus collapse [3,11,12]. Therefore, the
integration of muscle activity analysis, by electromyography (EMG), synchronized with
three-dimensional knee kinematic analysis during COD tasks as clinical evaluation post
ACLR, provides a new opportunity to identify residual neuromuscular deficits and com-
pensatory strategies in otherwise conventional clinical assessment [3,5,6].

The valgus collapse mechanism, defined by knee abduction and excessive transverse
motion, is widely recognized as a primary risk factor for ACL injury [10,11,13,14].
It is described as a sequence of interrelated multiplanar kinematic adjustments at lower
knee flexion angles and joint position associated with increased ACL demands [11,15-17].
On the coronal plane, knee abduction involves a medialization of the knee relative to
the lower-limb load axis, increasing compressive forces across the lateral compartment
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while simultaneously placing tensile stress on the medial stabilizing structures, such as
ACL [11,16]. This kinematic perspective joined with increased knee transversal range of
movement (ROM) facilitates pivot-shift development [11,18-20]. This intra-articular mech-
anism produces the medial and rotational displacement of lateral femoral condyle relative
to the tibia surface, which remains fixed during ground contact in the COD task [18,21,22].
Consequently, the ACL may fail when strain exceeds its tensile capacity during femoral
external rotation relative to the tibial segment, or through mechanical impingement when
excessive internal rotation occurs [11,18-20].

Motor control, driven by muscle activity, directly influences the kinematic parameters
associated with ACL injury mechanics [8,12,23,24]. From a functional perspective, ham-
strings act as important ACL synergists by counteracting the anterior tibial translation
generated by the quadriceps [12]. Among them, the Semitendinosus (ST) plays a main role
as ‘knee adductor’, contributing to medial joint compartment compression and preventing
valgus collapse [24-26]. However, most ACLR uses the ST as autograft, which may promote
the acquisition of compensatory muscle function adaptations during the return-to-play
process, predisposing to reinjury [8,23,27]. Recent evidence has highlighted the relevance
of complementary latero-medial muscle disbalance, in favor of the lateral complex, as a
precursor of ACL injury [19,28,29]. Specifically, the lateral muscle complex, composed of
the Vastus Lateralis (VL) and Biceps Femoris (BF), predisposes to tibial abduction and
external rotation, favoring valgus collapse [19], while the medial complex, integrated by
the ST and Vastus Medialis (VM), performs the opposite function, offering a protective
effect against ACL tensile overload [19]. This tendency toward lateral dominance may
be exacerbated following ACLR, underscoring the need for more specific muscle activity
analysis to ensure balanced integration of medial and lateral muscle complexes and to
improve return-to-play decision-making [6,23,27].

The high rate of reinjury after ACLR, the persistent sex-related disparity and the in-
creased susceptibility observed during transitional stages of development in female players
underscore the need for more specific strategies to identify biomechanical parameters asso-
ciated with valgus collapse [5,6,27]. To address this limitation, the present study integrated
three-dimensional knee kinematic analysis with muscle activity of the medial and lateral
thigh muscle complexes during a COD task, reproducing more prevalent tasks implicated
in the ACL injury mechanism [3,5,6,10]. As a methodological alternative to optimize the
specificity of kinematic analysis, angular velocity was selected. This parameter character-
izes movement quality by the speed and direction of joint angular excursion, variables
closely linked to motor control. Therefore, it may provide more specific representation of
joint function control than the traditional range of angular motion measures [23-25]. To
ensure specific muscle function analysis, surface electromyography (EMG) was used to
quantify the isolated contribution of each muscle within both complexes [27]. Therefore,
this study aimed to compare knee angular velocity and EMG activity during COD between
under-23 semiprofessional female football players with ACLR and healthy controls. It
was hypothesized that ACLR players would exhibit altered kinematic and muscle activity
patterns compared with controls.

2. Materials and Methods
2.1. Participants

A cross-sectional case—control study was conducted. Potential participants were
identified from professional female football teams in the northern group of the Spanish
Second Division and were recruited during the 2022-2025 seasons. They were eligible
if they held an active national football license, trained for over 8 h per week, competed
in the Spanish Second National Football Division, had more than 10 years of football
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experience and had been actively participating in competition for at least four months
prior to the study [3,6]. Participants were excluded from the study if they had any current
lower limb injury which may affect the study outcomes. Goalkeepers were not included in
this investigation [4,30].

Participants were allocated to groups based on their clinical history. The ACLR group
comprised players who had previously sustained an isolated non-contact ACL injury result-
ing from a valgus collapse mechanism and subsequently underwent primary ACL surgical
reconstruction using ST graph. Players presenting concomitant knee injuries, including me-
dial collateral ligament injury, meniscal injury, previous contralateral ACL injury, or other
knee conditions requiring surgical intervention, were excluded from the study. All players
in this group had completed a physiotherapist-supervised rehabilitation program and
received medical clearance to return for unrestricted participation in the Second National
Football Division at least two years before testing [6,8,31]. As all participants competed
within the same national competition level, rehabilitation was conducted according to
contemporary clinical guidelines and consisted of progressive stages including restoration
of knee function, neuromuscular control, strength development, and football-specific task
reintegration [4,32]. The rehabilitation period ranged between 9 and 10 months [33]. The
control group consisted of players that were injury-free and had not previously sustained
a knee injury. A total of 26 players were included, with 13 participants in each group.
The Research Ethics Committee of the Community of Aragén approved this study (code
P120/127), which adhered to the ethical principles of the Declaration of Helsinki [34]. All
participants provided written informed consent prior to data collection commencement.

2.2. Procedure

Female players took part in a single testing session, during which knee kinematics,
based on thigh segment angular velocity, as well as hamstring and quadriceps EMG muscle
activity, were recorded. Prior to each session, a clinical history was completed in which
height, mass, lower limb dominance, football experience in national division category and
football position were registered to avoid physical and sport performance bias between
players allocated in ACLR and control groups. Players from the ACLR group were inquired
about injured limb and previous ACL injury mechanism and clinical intervention received
to ensure eligibility criteria. Prior to data collection, the players completed a standardized
10 min warm-up consisting of mobility exercises and variable-intensity running with COD
drills to ensure an adequate physical state for performing the maximal-intensity COD
test [3,4,30]. After completion of the warm-up, the players were familiarized with the COD
test and were provided with practice opportunities to avoid learning bias [6].

The Change of Direction and Acceleration Test (CODAT) was selected based on prior
research indicating that 90° directional changes impose a great demanding challenge for
players, providing a more effective assessment of knee stability [3,4]. The second 90° COD
was selected for data analysis, following previous recommendations (see Figure 1) [3]. Each
player completed three trials of the CODAT using the analyzed limb as the stance limb
during the second 90° COD. To evaluate the potential influence of limb selection, additional
paired comparisons were performed between the injured and non-injured limbs in the
ACLR group and between the dominant and non-dominant limbs in the control group. As
no significant between-limb differences were observed after Holm—Bonferroni adjustment,
the injured limb of ACLR players and the dominant limb of healthy controls were retained
for the primary between-group. All trials were performed at maximum effort, with 45 s
of recovery between them [35]. Players were given a unique anonymized study code to
minimize any bias during data analysis.
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Figure 1. CODAT. The starting position is indicated with the dark circle, and the cross identifies the
change of direction task that was recorded.

2.3. Sensor Placement

Surface EMG signals were recorded using four Trigno Avanti wireless sensors (Delsys
Inc., Natick, MA, USA), sampled at 1000 Hz, and placed over the BF, ST, VM, and VL
muscles, in accordance with SENIAM guidelines [4,24,35]. Throughout data collection, the
signal-to-noise ratio was regularly monitored to ensure the quality of EMG recordings.

Knee kinematic data were quantified through segmental angular velocity, used herein
as an indicator of movement quality. Angular velocity signals were acquired using the
embedded triaxial gyroscopes integrated within the inertial measurement units (IMUs)
of the Trigno Avanti sensors [4,36,37]. To characterize lower-limb segment kinematics,
the Trigno Avanti sensor placed on the VL muscle was additionally used to record thigh
angular velocity data [4,36,37]. All sensor placements are shown in Figure 2.

(a)

Figure 2. Sensor placement. The figure represents the projection of sensor placement in (a) anterior
view, in which the Vastus Lateralis (VL) and Vastus Medialis (VM) sensors were placed; (b) lateral
view, in which VL sensor was placed to provide thigh segment kinematic values; and (c) posterior
view, in which the Semitendinosus (ST) and Biceps Femoris (BF) sensors were placed. In picture
(b), the kinematic projection of the three-rotation axis of angular velocity, registered by triaxial
gyroscope of IMU integrated in sensors, are represented with pointed lines. A blue pointed line
represents the sagittal plane rotation axis, (+) knee flexion and (—) knee extension. A red pointed
line represents the coronal plane rotation axis, (+) knee varus and (—) knee valgus. Finally, a green
pointed line represents the transverse plane rotation axis, (+) knee external rotation and (—) knee
internal rotation [4,36-38].

2.4. 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 15 Hz cut-off frequency [3,4]. The maximum observed signal from the filtered data across
all trials and muscles was used to normalize the muscle activity during the preparation
phase, defined as 100 ms prior to ground contact to the frame immediately before initial
contact, and the load phase, defined as initial contact to final foot ground contact [8,12].
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Accordingly, average and peak muscle activity outcomes were reported for analysis during
both preparation and load phases, expressed as a percentage of maximum.

The peak maximum, peak minimum, and ROM angular velocities in the sagittal,
coronal, and transverse planes were extracted for analysis during the load phase [4,37,38].
The peak maximum values correspond to the highest positive values for each plane: flexion
in the sagittal, varus in the coronal, and external rotation in the transverse plane. In
contrast, the peak minimum values correspond to the lowest negative values for each
plane, extension in the sagittal, valgus in the 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. All angular velocity values were reported in
degrees per second (°/s).

2.5. Sample Size

The sample size was estimated using the GRANMO 8.0 calculator (IMIM, Barcelona,
Spain) [39]. Hamstring 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 differences between groups if
ACLR players demonstrate dysfunctional muscle activity adaptations [12,19,25,27]. Based
on the data reported by Markstrém et al., a minimum expected difference of 12% in average
BF muscle activity, expressed as a percentage of EMG maximum capacity, during the LOAD
phase of a jump test was assumed [8,40]. Considering an independent-samples two-sided
t-test, an alpha risk of 0.05, and a statistical power of 80%, 13 participants per group were
required. An estimated dropout rate of 10% was also considered.

2.6. Statistical Analysis

Data normality was assessed using the Shapiro-Wilk test. Normally distributed vari-
ables are presented as mean =+ standard deviation, whereas non-normally distributed
variables are reported as median and interquartile range [Q1-Q3]. Between-group com-
parisons, ACLR against control players, were performed to examine differences in knee
angular velocity across the sagittal, coronal, and transverse planes during the LOAD phase,
as well as differences in peak and average EMG muscle activity of the BE, ST, VL and VM
during both the preparation and load phases.

For normally distributed variables, independent-samples t-tests were used. For non-
normality distributed variables, Mann-Whitney U tests were performed. Statistical signifi-
cance was established at p < 0.05. To account for multiple comparisons, Holm—Bonferroni
corrections were applied within predefined families of biomechanically related variables.
For knee kinematics, comparisons were grouped according to the sagittal, coronal, and
transverse planes. For EMG outcomes, corrections were applied separately to average
and peak muscle activity variables within the preparation and load phases. Adjusted
p-values (p-Holm) were calculated and reported alongside unadjusted p-values. Statistical
significance after correction was established at p-Holm < 0.05. Effect sizes were computed
to quantify the magnitude of between-group differences. Cohen’s d was calculated for para-
metric analysis. For non-parametric analyses, the effect size r was computed asr = Z//n.
Effect sizes derived from parametric analysis, Cohen’s d, were interpreted as large when
d > 0.8 according to conventional thresholds. Effect size r, derived from non-parametric
analysis, was interpreted as large when r > 0.5. In addition, 95% confidence intervals were
calculated. All analyses were performed using SPSS Statistics v25.0 (IBM Corp., Armonk,
NY, USA).
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3. Results

Thirteen participants were allocated to the ACLR group and thirteen to the control
group, according to their clinical history. The average age was 22.89 + 2.68 years, which
defines players in the under-23 category, consistent with the aim of the study to evaluate
players at a transitional stage toward elite football. Players in both groups had com-
parable experience competing at the national semiprofessional level, indicating similar
sport-specific training exposure and competitive physical demands throughout the season.
Demographic characteristics are presented in Table 1.

Table 1. Demographic characteristics of the players.

Total (n = 26) ACLR (n =13) Control (1 = 13)
Age (years) 22.89 £ 2.68 22.86 +£2.80 22,93 £2.56
Position (Defender/Midfielder/Forward) 3:14:9 1.7:5 2:7:4
Height (cm) 165.44 £ 6.19 164.34 £ 6.41 166.55 £ 5.97
Limb dominance (Right/Left) 20:6 10:3 10:3
National Football Experience (years) 6.04 = 2.47 6.00 = 2.16 6.07 & 2.79
Injury limb (Dominant Limb/Non-Dominant Limb) 8:5 8:5
Table 2a,b summarize the descriptive statistics and between-group comparisons for
normally and non-normally distributed knee kinematic variables, respectively, across the
sagittal, coronal and transverse planes during the load phase of the COD. Compared with
healthy controls, ACLR players exhibited significant knee kinematic differences in the
coronal plane and high differences in the transverse plane. The Mann-Whitney U test,
adjusted by Holm-Bonferroni corrections, demonstrated that ACLR group exhibited higher
knee valgus angular velocity compared to control group, representing large effect size
(p-Holm = 0.015; r = 0.54). No other kinematic variables remained statistically significant
after correction. Nevertheless, transverse angular velocity ROM exhibited a large effect size
(Cohen’s d = 0.83), indicating greater transverse-plane angular velocity in ACLR players
compared to controls. No relevant between-group differences were observed in the sagittal
plane variables.
Table 2. (a) Mean (SDs) for normally distributed data and comparison analysis between ACLR and
control players for peaks and range of angular velocity sagittal, coronal and transverse plane knee
kinematics during the load phase of the CODAT. (b) Median and interquartile range [Q1, Q3] values
for non-normally distributed data and comparison analysis between ACLR and control players for
peaks and range of angular velocity sagittal, coronal and transverse plane knee kinematics during
the load phase of the CODAT.
@
95% Confidence
Effect Intervals for
ACLR Control p Value p-Holm Size Differences
Cohen’s d Lower Upper
Bound Bound
Variables (°/s)
Sagittal Plane
Extension Angular Velocity —370.31 + 96.54 —387.24 +129.47 0.709 1.000 0.15 ~75.51 109.38
Flexion Angular Velocity 243.39 £ 115.67 280.08 £ 157.88 0.506 1.000 0.27 ~148.72 75.34
Coronal Plane
Varus Angular Velocity 334.10 + 162.52 340.24 = 170.09 0.926 0.926 0.04 ~14082 12852
Coronal Angular Velocity ROM 723.64 £ 261.70 590.46 = 290.05 0.231 0.462 0.48 ~90.45 356.80
Transverse Plane
Internal Rotation Angular Velocity ~ —842.64 & 430.10 —575.62 & 338.42 0.091 0.162 0.69 ~580.50 46.05
Transverse Angular Velocity ROM 1787.28 +725.42 122727 £617.71 0.045*% 0.135 0.83% 14.61 1105.41
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Table 2. Cont.
(b)
Effect
ACLR Control p Value p-Holm Size
r
Variables (°/s)

Sagittal Plane
Sagittal Angular Velocity ROM 642.25 [451.70, 708.35] 740.77 [571.10, 811.44] 0.287 0.861 0.22
Coronal Plane
Valgus Angular Velocity —368.45 [—508.03, —309.06] —215.82 [—247.00, —151.05] 0.005* 0.015** 0.54*
Transverse Plane
External Rotation Angular Velocity 940.37 [479.62,1235.23] 827.61 [249.22, 880.06] 0.081 0.162 0.35

* denotes significance (p < 0.05); ** denotes significance; Holm-Bonferroni adjusted p-value. * denotes effect size
d > 0.8; p-Holm: Holm—Bonferroni adjusted p-value.

Table 3a,b present the descriptive statistics and between-group comparisons for nor-
mally and non-normally distributed EMG muscle activity variables, respectively. The
average and peak muscle activity of the BE, ST, VM and VL were recorded during the
preparation and load phases of the COD. During the preparation phase, no significant
differences in muscle activity were observed between groups after Holm—Bonferroni cor-
rections. However, ACLR players exhibited lower average ST muscle activity than controls,
with a large effect size (Cohen’s d = 0.88).

Table 3. (a) Mean (SDs) and comparison analysis between ACLR and control players for peak and
average muscle activity for Biceps Femoris, Semitendinosus, Vastus Medialis and Vastus Lateralis
during the CODAT. (b) Median and interquartile range [Q1, Q3] values for non-normally distributed
data and comparison analysis between ACLR and control players for peak muscle activity for Vastus
Medialis during the CODAT.

(a)
95% Confidence
Intervals for
ACLR Control p Value p-Holm Esff;-;t Differences
L
Bgl‘;vrfé Upper Bound
Variables (% of Maximum)
Preparation Phase
Average Biceps Femoris 12.69 + 8.40 13.77 £5.20 0.698 1.000 0.15 —0.07 0.04
Peak Biceps Femoris 54.85+25.91 66.08 +15.75 0.194 0.776 0.51 —0.29 0.06
Average Semitendinosus 11.62 +-4.48 15.77 +£5.34 0.042* 0.168 0.88* —0.08 —0.01
Peak Semitendinosus 62.31 +18.49 69.00 +12.44 0.290 0.870 0.46 —0.19 0.06
Average Vastus Medialis 14.69 £7.82 16.23 +4.95 0.555 1.000 0.15 —0.07 0.04
Peak Vastus Medialis 61.85 +19.52 66.92 +16.32 0.479 0.958 0.28 —0.20 0.10
Average Vastus Lateralis 15.15 £5.43 16.15 £+ 3.85 0.593 1.000 0.22 —0.05 0.03
Peak Vastus Lateralis 67.54 +£15.34 71.54 +13.65 0.489 0.958 0.28 —0.16 0.08
Load Phase
Average Biceps Femoris 9.46 £5.78 13.314+4.38 0.068 0.136 0.88* —0.08 0.03
Peak Biceps Femoris 49.08 +17.13 76.31 £11.70 <0.001* 0.004 ** 1.83% —0.39 —0.15
Average Semitendinosus 8.54+2.76 12.00 £+ 3.08 0.006 * 0.024 ** 1.00* —0.06 —0.01
Peak Semitendinosus 52.54 +15.44 65.46 +19.89 0.077 0.231 0.68 —0.27 0.01
Average Vastus Medialis 11.85 £4.96 15.62 +£3.36 0.033* 0.099 0971 —0.19 0.07
Average Vastus Lateralis 13.62 £3.64 15.54 +£5.92 0.329 0.329 0.39 —0.06 0.02
Peak Vastus Lateralis 69.69 £17.71 76.00 + 14.66 0.332 0.338 0.36 —0.19 0.07
(b)
Effect
ACLR Control p Value p-Holm Size
r
Variables (% of Maximum)
Load Phase
Peak Vastus Medialis 52.00 [45.50, 80.00] 77.00 [70.50, 87.50] 0.169 0.338 0.22

* denotes significance (p < 0.05); ** denotes significance; Holm-Bonferroni adjusted p-value. * denotes effect size
d > 0.8; p-Holm: Holm-Bonferroni adjusted p-value.

During the load phase, ACLR players exhibited significant differences which persisted
for peak BF and average ST EMG muscle activity relative to healthy control players. The
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independent t-test, adjusted by Holm—Bonferroni corrections, revealed that the ACLR
group demonstrated 4% lower average ST muscle activity, representing large effect size
(p-Holm = 0.024; Cohen’s d = 1.00). In addition, the ACLR group demonstrated 27% higher
peak BF muscle activity compared to the control group, representing large effect size
(p-Holm < 0.001; Cohen’s d = 1.83). Additionally, lower average BF muscle activity
(Cohen’s d = 0.88) and lower average VM muscle activity (Cohen’s d = 0.97) were observed in
the ACLR group compared to controls, although these differences did not remain statisti-
cally significant after correction. No relevant differences between groups were observed in
average or peak VL muscle activity during either the preparation or load phases.

4. Discussion

The aim of this study was to compare movement quality, quantified by knee angu-
lar velocity, and motor control, assessed through EMG thigh muscle activity, between
under-23 semiprofessional female football players with ACLR and healthy controls. These
biomechanical parameters were evaluated during a high-intensity COD test, to replicate the
functional demands of the most common ACL injury mechanism [3,5,6,10]. The primary
findings revealed that ACLR players exhibited significant differences in both kinematic
and muscle activity parameters during COD tasks, supporting our hypothesis. Specifically,
the ACLR group demonstrated altered knee kinematics in the coronal plane accompanied
by modified motor control patterns in hamstrings during the load phase of the COD task.

The kinematic findings showed that players with ACLR exhibited significantly higher
knee valgus angular velocity and a trend toward greater knee transverse ROM angular
velocity during the COD task compared with controls. According to Budini et al., move-
ment quality reflects the ability of the neuromuscular system to regulate the speed and
direction of joint motion; therefore, higher angular velocity implies reduced control and
stability [37]. Previous studies have reported altered angular velocity patterns in individ-
uals with ACLR; however, these investigations were largely restricted to sagittal-plane
analyses and included participants evaluated within 2-6 months after surgery, before
completion of the return-to-play process [38,41]. In contrast, the present study identi-
fied persistent alterations toward increases in peak knee valgus angular velocity during
COD. Given the established relationship between excessive knee valgus angular velocity
and valgus collapse mechanisms, these findings may indicate the persistence of move-
ment patterns associated with reduced control during high-intensity change of direction
tasks [10,11,13,14]. These findings suggest that female football players with ACLR may
retain, at least two years after surgery, coronal plane movement quality deficits and a
trend toward transverse plane differences that could be associated with altered adaptations
contributing to the elevated long-term likelihood of sustaining a secondary ACL injury.

These kinematic alterations of ACLR players were accompanied by significant dif-
ferences in muscle activity characteristics in the load phase of the COD task. During this
phase, the ACLR group demonstrated significantly 4% lower average ST muscle activity
and 27% lower peak BF muscle activity. Furthermore, ACLR players exhibited a trend
toward reduced average ST muscle activity during the preparation phase and lower av-
erage BF and VM muscle activity, although these differences did not remain statistically
significant after adjustment for multiple comparisons. The present study only identified
differences in muscle activity between groups during the load phase, and this fact may pro-
vide a biomechanical explanation for the kinematic alterations observed in the ACLR group.
However, a tendency observed in ACLR toward reduced ST pre-load activity corresponds
with previous research which explained that this neuromuscular alteration has previously
been identified as a neuromuscular factor associated with ACL injury mechanisms [24,25].
This altered muscle activity suggests that insufficient preparatory activation may compro-
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mise motor control before initial contact and may influence subsequent loading responses,
particularly during the early load phase of COD, which aligns with high prevalence timing
of ACL injury [4,16].

The coexistence of altered hamstring activation and increased knee valgus angular
velocity suggests a potential interaction between motor control and movement quality
following ACLR. The reduced functional role of the hamstring during the stabilization
load phase may predispose to quadriceps dominance favoring anterior tibial displacement,
increasing ACL strain [12]. In addition, the specifically reduction in ST activity may indicate
diminished contribution of the medial thigh muscle complex. Given their anatomical
orientation and functional role in resisting knee valgus and transverse plane motion, this
pattern may reduce the capacity to counteract valgus collapse [19]. Therefore, the findings
relative to muscle activity motor patterns in ACLR female football players may describe
a tendency toward hamstring and medial complex muscle reduced function, which may
predispose to reinjury over a maximal physical demand context as is the case during ACL
injury. Collectively, these findings suggest that female football players with ACLR exhibit
persistent lateral to medial neuromuscular imbalance that may reflect long-term muscle
compensatory adaptations and support the use of EMG-based assessments to improve
return-to-play decision-making [6,23,27].

Limitations

Several limitations should be considered when interpreting these findings. The asses-
sors in the present study were not blinded during data collection. However, participants
were given a unique, anonymized study code to mitigate potential bias during data and
statistical analyses. A further limitation of the present study is the relatively small sample
size, which should be considered when interpreting the findings and deriving practical
conclusions. The muscle activity assessment was limited to the hamstring and quadriceps,
selected because of their functional relevance to the medial and lateral thigh muscle com-
plexes. However, future studies should incorporate proximal and distal muscles involved
in lower-limb load transfer, such as the gluteal musculature and gastrocnemius, to pro-
vide a more comprehensive characterization of neuromuscular compensatory strategies.
Although playing position was considered during participant recruitment, the sample
size did not allow meaningful comparisons between positional roles. This may be rele-
vant because the functional demands associated with different playing positions influence
movement patterns, exposure to COD actions, and overall biomechanical loading during
match play. Future studies with larger cohorts should investigate whether positional role
influences kinematic and neuromuscular adaptations following ACLR. A limitation of
this study is that static coronal knee alignment and isolated muscle strength developed
were not assessed. Although neither resting valgus angle nor muscle strength constituted
primary outcomes, their measurement could have provided additional contextual infor-
mation for interpreting the observed neuromuscular and kinematic differences between
groups. Although the COD task was selected for its ability to reproduce the most common
functional context of ACL injury, it did not include the unanticipated component frequently
observed in match situations. Incorporating reactive decision-making conditions may fur-
ther enhance the ecological validity and specificity of biomechanical assessment. Despite
these limitations, the synchronized analysis of three-dimensional kinematics and surface
EMG during a sport-specific task provides a clinically relevant framework for improving
return-to-play evaluation after ACLR.
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5. Conclusions

This study identified differences in knee angular velocity and muscle activity between
under-23 semiprofessional female football players with ACLR and healthy controls during
a COD task. Specifically, ACLR players may demonstrate increased knee valgus angular
velocity, alongside reduced average ST and peak BF muscle activity, during the load phase
of the change of direction task, compared to healthy control players.

Overall, the combined presence of increased angular velocity in the coronal and a
tendency toward the transverse plane, along with reduced muscle activity of hamstrings
and a tendency toward alterations in medial complex thigh muscles during the preparation
and load phases of the COD task, may reflect persistent long-term dysfunctional motor
pattern adaptations associated with valgus collapse mechanics. These findings, observed
at least two years after ACLR, highlight the importance of integrating three-dimensional
kinematics with muscle activity analysis during sport-specific functional tasks that replicate
ACL injury mechanisms. This approach may improve the identification of compensatory
motor control strategies and provide a more robust basis for return-to-play decision-making,
specifically in female football players, thereby reducing the risk of secondary ACL injury.
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Abbreviations

The following abbreviations are used in this manuscript:

ACL Anterior Cruciate Ligament

ACLR Anterior Cruciate Ligament Reconstruction
EMG Electromyography

ST Semitendinosus

BF Biceps Femoris

VM Vastus Medialis

VL Vastus Lateralis

ROM Range of Movement
CODAT Change of Direction and Acceleration Test
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