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Abstract

Objective

This study compared neuromuscular control under two fatigue protocols during anticipated
and unanticipated change of direction (COD) maneuvers and evaluated their effects on the
risk of non-contact ACL injuries.

Method

Forty-five female soccer players (mean age: 22.22 + 2.24 years; mean height: 166.24 £
3.33 cm; mean mass: 59.84 + 5.03 kg) were divided into three groups: functional fatigue
(Soccer specific fatigue ptotocol-SOFT90), non-functional fatigue (Bruce protocol), and con-
trol group. Before and after the implementation of neuromuscular control fatigue protocols
were evaluated using the cutting motion assessment score tool (CMAS). Two-dimensional
(2D) videos were recorded during anticipated and unanticipated COD trials for both domi-
nant and non-dominant legs.

Results

Significant time effects (p < 0.05) and group-time interactions (p < 0.05) were observed in
both anticipated and unanticipated conditions for both dominant and non-dominant legs
after the fatigue protocols. The functional fatigue group exhibited higher CMAS changes,
indicating poorer movement quality following fatigue. Notably, the non-dominant leg dis-
played amplified deficits during unanticipated COD maneuvers following the functional
fatigue protocol.
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Conclusions

Fatigue significantly impairs neuromuscular control, particularly in unanticipated COD situa-
tions, which increases the risk of non-contact ACL injuries. To mitigate this risk, coaches,
trainers, and medical professionals should prioritize targeted training and injury prevention
strategies, focusing on the non-dominant leg during unanticipated COD maneuvers.

Introduction

In young athletes, knee injuries stand out as a prevalent concern, particularly in the form of
knee ligament sprains [1]. Among these, the rupture of the anterior cruciate ligament (ACL) is
recognized as the most severe consequence, often resulting in extended breaks from sports,
increased vulnerability to re-injury, and a heightened risk of early onset osteoarthritis [2, 3].
Notably, female athletes face a greater susceptibility to knee and ACL injuries compared to
their male counterparts [1]. Despite extensive efforts, ACL injuries remain common and these
Injuries can cost a club up to £45 million in a single English Premier League season, or around
500 000 euros each player missing for a month [4]. Nearly 70% of ACL injuries occur through
non-contact mechanisms, including during change of direction (COD) maneuvers [5, 6]. In
soccer, non-contact mechanisms, especially frequent change of direction (COD) actions, are
major contributors to ACL injuries [7]. The repetitive impact forces and mechanical loading
during COD maneuvers can cause structural damage to the soft tissue around the knee joint
[8, 9]. These forces and loads are further amplified by sub-optimal neuromuscular control and
movement quality, which are modifiable factors affecting ACL loading and strain [5, 8].There-
fore, optimizing neuromuscular control and movement quality during CODs is crucial for
reducing non-contact ACL loading and injury risk in athletes [10]. It is common for athletes
to be screened/profiled during a movement to evaluate their movement quality, joint kinetics,
or kinematics in comparison to predetermined criteria or benchmarks. An injury-risk profile,
which can be used to infer possible injury risk, can be created by investigating joint kinetics
and kinematics and evaluating surrogates of injury risk. This can be accomplished by three-
dimensional (3D) motion and ground reaction force analysis or high-speed two-dimensional
(2D) cameras. In this method, movement is filmed (typically in the frontal and sagittal plane),
and aberrant and "high-risk" movement patterns can be recognized through visual observa-
tions (e.g., visible knee valgus/lateral trunk flexion) [5].

Several internal and external risk factors, both modifiable and non-modifiable, contribute
to increased ACL injury risk [11]. Fatigue, as a modifiable risk factor, can lead to altered neu-
romuscular control strategies and potentially increase ACL strain and injury risk [12, 13]. Soc-
cer, being a high-intensity intermittent sport played over 90 minutes, often induces
neuromuscular fatigue [14]. Acute or shot-term fatigue is a temporary condition of fatigue
that is typically brought on by physical activity or mental strain. oeripheral fatigue is a type of
acute fatigue resulting from muscle weakness. To improve a person’s performance, the main
cause of fatigue must be identified and treated [15]. This fatigue can impact muscle activation,
coordination, and subsequent joint coordination, resulting in poor movement quality and
increased knee joint loads [16]. Such factors can impair the ability to perform accurate move-
ments like COD, leading to reduced dynamic joint stability and heightened injury risk, espe-
cially during later stages of matches due to fatigue [17].

Numerous studies have investigated the effects of fatigue protocols on kinetic, kinematic,
and electromyography changes during anticipated COD tasks in both injured and uninjured
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participants [18-20]. For instance, Hosseini et al. found that fatigue and unanticipated condi-
tions during COD tasks increased the risk of knee injuries [21]. Fatigue can reduce sensory
sensitivity and proprioceptive capacity in the lower limbs, affecting muscle balance and
increasing the risk of knee injuries. Fatigue and unanticipated conditions further decrease neu-
romuscular control [19, 21]. Xia et al. studied the effects of two fatigue protocols on lower
extremity impact forces and kinematics during drop landing tasks. Fatigue led to increased hip
and knee flexion angles, resulting in a more flexed landing posture. The peak impact force and
loading rate were similar before and after fatigue. Although the SV-FP (shuttle running + verti-
cal jumping fatigue protocol) had a shorter exercise duration than R-FP (constant speed run-
ning fatigue protocol), the changes were similar [20]. Furthermore, the researchers reported
that fatigue, repetition of COD manoeuvring, and unanticipated activities can change the kine-
matics of the lower limbs and trunk, exposing a person to non-contact ACL injury. However,
the implementation of laboratory protocol results and comparison of results with the condi-
tions experienced by participants of any sport on the real-world has been described as a chal-
lenge in the previous literature [22-26]. Many biomechanical fatigue studies lack ecological
validity for sport-specific activities like COD in soccer, as they often focus on anticipated tasks
and employ uncontrolled conditions [27, 28]. Previous researchers have also used non-specific
fatigue induction methods that do not mimic the physical activity and movement patterns
common in sports, such as the Bruce protocol on a treadmill, isokinetic strength measurement
system, and PACER test [17, 21, 29]. Functional fatigue procedures aim to replicate the
demands of a specific task or sport. They entail repeatedly performing the task or activity until
fatigue occurs. This form of fatigue protocol is more similar to the demands of real-world
activities than typical laboratory-based fatigue protocols, which frequently use isolated muscle
contractions or basic tasks [30]. Because of this, outcomes from the generalization of func-
tional protocols may differ from those obtained from methods used in laboratories.

This study aims to evaluate the effects of two fatigue protocols (non-functional and func-
tional) on movement quality and ACL injury risk during both anticipated and unanticipated
change of direction (COD) maneuvers in female soccer players. The hypothesis is that the
functional fatigue protocol will result in poorer COD movement quality and increased ACL
injury risk, particularly in unanticipated conditions. By examining these factors in both antici-
pated and unanticipated scenarios, we seek to enhance our understanding of the relationship
between functional fatigue, knee biomechanics, and injury susceptibility in soccer players.

Materials and methods
Participants

The sample size was determined using G*Power software (version 3.1.9.4), which indicated
that a minimum sample size of 33 was required to achieve 80% power, o. = 0.05, and effect size
of 0.5 for a repeated measures ANOVA. In total, 45 amateur Iranian female soccer players par-
ticipating in the provincial league in Tehran city were recruited, considering potential drop-
outs. The study was conducted during the in-season of soccer competitions, and none of the
participants had prior experience in resistance training. Random.org website was used to ran-
domly assign the participants into three groups: functional fatigue (FF), general fatigue (GF),
and control (CO). The FF and GF groups performed the COD test before and after the fatigue
protocols, while the CO group only performed the COD test. The test was conducted ran-
domly in both anticipated and unanticipated conditions, and movement quality of both the
dominant and non-dominant legs was measured. Inclusion criteria included no history of
lower extremity surgery, no recent lower limb injury, at least 3 years of soccer experience, and
regular training (3 sessions per week). Participants were familiarized with the experimental
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procedures and provided written consent before the study. The current study was approved by
aresearch ethics committee in Iran (IR.UK.REC.1400.029), following the latest version of the
Declaration of Helsinki.

Procedure

All participants were informed about the aims of the study and were familiarized with the data
collection procedures. The all testing process was completed in four sessions between the first
to the tenth of July, 2023. In this regard, the tests were evaluated over three separate sessions,
with a 48-hour gap between each session. On the first day, participants completed a consent
form and a personal information questionnaire. Their weight and height were also measured
(participant characteristics data can be observed in Table 2). Next, the participants were ran-
domly assigned to one of three groups: functional fatigue (FF), general fatigue (GF), or control
(CO). On the second day, participants performed a warm-up program specifically designed
for the lower extremities, including dynamic stretching exercises [31]. They also kicked a ball
as far as possible to determine their leg dominance [32]. Kinematic variables were measured in
two dimensions using Kinovea software (version 0.8.15 for Windows, Bordeaux, France).
Three smartphones (iPhone 7, iOS 15.6) were mounted on tripods and positioned at a height
of 0.6 m and a distance of 5 m in the sagittal plane, as well as 3 m in the frontal plane, to record
videos of all COD trials for subsequent analysis. The videos were recorded at a frame rate of
120 frames per second (Fig 1). Before testing, each participant was shown the COD maneuver
and allowed to perform three test trials to familiarize themselves with the actual tests. Partici-
pants were then given at least a 5-minute rest before the testing began. During the testing, par-
ticipants were asked to perform the change of direction test (COD) with step over technique in
both anticipated (towards the dominant leg) and unanticipated (to distinguish the movement
path with ball pass) situations. Participants ran 8.8 metres at 60% of their calculated maximum
speed and, upon reaching a distinctive designed setting, performed a COD maneuver at a
marked angle (35-55-degree deviation from the main path) [33]. Participants also completed a
20-m sprint test to determine their maximum speed. The time taken to complete the task was
measured using a timing gates system (Smartspeed, Fusion Sport, Australia). If a test subject’s
running speed was less than 60% of their maximum running rate in a 20-meter recorded speed
test, the COD test would be repeated. In an anticipated COD maneuver, each subject per-
formed the test three times separately towards the dominant and non-dominant leg directions.
For the unanticipated condition, the subject was instructed to respond by moving either to the
dominant or non-dominant leg at a designated cutting zone based on the direction of a ball in
motion. A researcher, who remained consistent throughout the experiment, kicked the ball
towards two cones placed like a mini goal within a predefined area. The timing of the ball pass
was crucial, designed to occur just as the participant reached a designated zone, one step before
reaching the designated target area. Due to the inherent unpredictability of the sport being
investigated, precise control over the ball’s speed was only achievable during video analysis.
Additionally, any trials requiring repetition due to ball delivery inconsistencies were excluded
from the final analysis [33, 34]. The test was performed three times separately for both the
dominant and non-dominant leg directions in the unanticipated condition as well. Overall,
participants performed the COD maneuver in both anticipated and unanticipated conditions
in random order, resulting in a total of 12 trials. The third day involved different fatigue proto-
cols for the GF and FF groups. The GF group underwent the Bruce treadmill test, while the FF
group underwent the SAFT90 functional fatigue protocol [35, 36]. The CO group did not
undergo any fatigue protocol. After completing the Bruce and SAFT90 protocols in the post-
test, participants performed the COD maneuver in both the anticipated and unanticipated
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Fig 1. Schematic representation of performing COD by CMAS tool at 45°. (A) Predictable condition. (B)
Unpredictable condition.

https://doi.org/10.1371/journal.pone.0302144.9001

settings again. The Borg Rating of Perceived Exertion Scale (BRPES) was used to assess fatigue.
Participants performed the fatigue protocol until they reached a score of 20 or maximal exer-
tion. It is worth noting that in the BRPES, the level of fatigue is scored based on numbers rang-
ing from 6 to 20 [14]. All participants underwent the same experimental tests as session two,
but this time the SAFT90 functional fatigue protocol was adopted [37]. Following the testing
sessions, the recorded videos were scored using the cutting movement assessment score
(CMAS) [5]. The CMAS is a 9-item qualitative screening tool (Table 1) that evaluates hip,
knee, foot, and trunk postures during side-step cutting [38]. In this study, two raters who were
familiar with CMAS and had sufficient experience in assessing COD due to their participation
in similar studies in the past independently evaluated each video. They assigned a quality score
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Table 1. Cutting Movement Assessment Score tool (CMAS).

Recommended Camera Variable Observation Score

Penultimate contact

Side/20- L. Clear PFC braking strategy Y/N Y=0N=1
45°
Final Contact
Front/20- | 2. Lateral leg plant distance (at initial contact) Wide, Moderate, Wide = 2, Moderate = 1,
45° Narrow Narrow =0
Front/20- | 3. Hip in an initial internally rotated position (at initial contact) Y/N Y=1/N=0
45°
Front/20- | 4. Initial knee ‘valgus’ position (at initial contact) Y/N Y=1/N=0
45°
All3 5. Foot not in neutral foot position (at initial contact) Y/N Y=1/N=0
Front/20- | 6. Frontal/transverse plane trunk position relative to intended direction of travel (at | L/TR,U, M L/TR=2,U=1,M=0
45° initial contact and during WA)
Side/20- 7. Trunk upright or leaning back throughout contact (at initial contact and during Y/N Y=1/N=0
45° WA)
Side/20- 8. Limited knee flexion during final contact < 30° (during WA) Y/N Y=1/N=0
45°
Front/20- | 9. Excessive knee ‘valgus’ motion (during WA) Y/N Y=1/N=0
45°
Low <3 Moderate High >7 Score /11
4-6

Note: PFC: penultimate foot contact; WA: weight acceptance; L: lateral; TR: trunk rotation; U: upright; M: medial; Y: yes; N: no.

https://doi.org/10.1371/journal.pone.0302144.t001

based on CMAS, and the agreement between the two raters in individual items and total scores
was considered the final score for each participant 35, 37, 39].

Bruce protocol. Participants performed the Bruce protocol on a treadmill (h/p/cosmos-
mercury COS 10198 model, Germany). The protocol began with walking at 0.8 m/s and 0%
gradient for 3 minutes. The speed and incline were then increased by 2% every 3 minutes until
reaching 2.7 m/s and a 10% gradient in the final 3 minutes, or until participants reached voli-
tional exhaustion. Ratings of perceived exertion (RPE) were obtained every three minutes
using a 6-20 scale. The test was stopped if the participant’s heart rate exceeded 220 minus their
age, or if they experienced angina, dizziness, nausea, or volitional termination [36].

SAFT” protocol. The SAFT® was designed based on time-motion analysis data from
English Championship matches (Prozone®) to replicate the fatigue response of soccer match
play. The course consists of a shuttle run over a 20m distance with four poles for participants
to navigate using walking, jogging, side-stepping, and sprinting. Participants perform back-
ward running or side-stepping around the first pole, followed by forward running through the
course, navigating the middle three poles [35, 39].

Participants were verbally instructed using an audio CD to sustain movement intensity
and perform activities during the SAFT®® course. The audio CD contained a 15-minute
activity protocol that was randomly and intermittently repeated to match the duration of a
typical game. The activities included standing, walking, jogging, running, and sprinting,
with reported speeds based on the average requirements for each activity. The 90-minute
protocol was divided into two 45-minute sections, each consisting of three 15-minute peri-
ods. Participants completed three 15-minute periods in the first half, followed by a 15-min-
ute rest before completing the second half in three 15-minute periods [35]. Furthermore,
during the protocol, all participants were strongly encouraged with verbal encouragement
to maintain their effort.
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Statistical analysis. SPSS 26.0 software (IBM SPSS, Armonk, NY, USA) was used to per-
form all statistical analyses. The normal distribution was evaluated using the Shapiro-Wilk
test. The one-way ANOVA test was used to compare demographic characteristics and pre-
fatigue results in the two legs seperatly among the three groups. All variables were subjected to
a mixed-design analysis of variance (ANOVA) with the time effect (pre-test and post-test) as
the within-subject factor and the group effect (GF, FF, and CO) as the between-subject factor,
including the group-time interaction (Three-way mixed ANOVA). When the group effect or
interaction effect was significant, a post-hoc Bonferroni test was conducted for pairwise com-
parisons. The effect size (ES) was assessed using partial eta squared and classified as small
(pn2 = 0.01), medium (pn2 = 0.06), or large (pn2 = 0.14).>> An alpha level of 0.05 was consid-
ered for all comparisons. Furthermore, the inter-rater reliability and intra-rater reliability were
assessed using ICC values. ICC results below 0.50 are considered poor, values ranging from
0.50 to 0.75 are regarded as moderate, values ranging from 0.75 to 0.90 are considered good,
and values exceeding 0.90 are classified as excellent [40].

Results

The demographic data of the participants are available in Table 2. The one-way ANOVA test
results showed that there was no significant difference between groups in the participants’
characteristics. The Shapiro-Wilk test indicated that all variables had a normal distribution

(p > 0.05). The ICC obtained for inter-rater reliability was 0.88 (95% CI 0.75-0.93), indicating
good to excellent agreement between the raters. Similarly, the ICC obtained for intra-rater reli-
ability was 0.79 (95% CI 0.74-0.84), indicating good agreement between the raters.

No significant differences were found in pre-fatigue measurements between groups in both
the dominant and non-dominant legs for both anticipated and unanticipated conditions
(p > 0.05). However, following the fatigue protocols (GF and FF) in the anticipated condition,
significant time effects (p < 0.05) and group-time interactions (p < 0.05) were observed, with
large effect sizes for both legs (see Table 3). The group effect was not significant for the domi-
nant and non-dominant legs, but the FF group had higher mean scores, indicating more errors
during CMAS after fatigue.

Significant differences with large effect sizes were also observed in both the dominant and
non-dominant legs, specifically in the time effect and group-time interaction, under unantici-
pated conditions following the fatigue protocols. Although the group effect in both legs did
not reach statistical significance, it is important to note that no observable differences among
the groups were found, accompanied by small effect sizes. Comparing the changes in CMAS
items after the fatigue protocols in the GF and FF groups (as illustrated in Figs 2 and 3), it was
demonstrated that in the anticipated condition, the GF group had the most changes in 8 items

Table 2. Demographic information of participants.

variables GF FF CO P
Age (y) 22.66 (2.46) 21.46 (1.68) 22.53 (2.44) 28
Mass (kg) 60.73 (4.60) 61.06 (4.96) 57.73 (5.14) 13
Height (cm) 167.26 (2.86) 165.53 (9.83) 165.93 (3.21) 33
Experience (y) 4.00 (1.00) 4.40 (1.12) 4.86 (1.84) 23
BMI (kg/m2) 21.73 (1.93) 22.30 (1.91) 20.96 (1.79) 16
20-m sprint test 4.43 (0.65) 4.39 (0.53) 4.54 (0.70) 79

Note: GF = general fatigue; FF = functional fatigue; CO = control
Significant level set as P < 0.05.

https://doi.org/10.1371/journal.pone.0302144.t1002
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(dominant leg: 18.32%, non-dominant leg: 21.84%) and 9 items (dominant leg: 17.24%, non-
dominant leg: 20.62%). The FF group showed the most changes in 8 items (dominant leg:
19.08%, non-dominant leg: 23.69%) and 9 items (dominant leg: 19%, non-dominant leg:
21.83%) in the anticipated condition. In the unanticipated condition, the GF group had the
most changes in 8 items (19%) and 9 items (17%) for the dominant leg, and 4 items (23.42%)
and 6 items (22.84%) for the non-dominant leg. The FF group demonstrated the most changes
in the unanticipated condition in 8 items (dominant leg: 20.64%, non-dominant leg: 21.33%)
and 9 items (dominant leg: 27.54%, non-dominant leg: 26.28%).

Discussion

This study examined the effects of fatigue protocols on cutting movement quality in the domi-
nant and non-dominant lower limbs under anticipated and unanticipated conditions. The find-
ings showed that fatigue led to decreased knee flexion and increased knee valgus, particularly in
the non-dominant leg across all conditions. Additionally, the FF group exhibited greater
changes in knee flexion and knee valgus compared to the GF group. The results of our study are
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Fig 3. Represents changes in the items of CMAS following fatigue protocols in the GF and FF groups. FF = functional fatigue;
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rotated position; IKVP = Initial knee ‘valgus’ position; FNNP = Foot not in neutral foot position; FPTP = Frontal/transverse plane
trunk position relative to intended direction of travel; TULBC = Trunk upright or leaning back throughout contact;
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in line with previous studies. For instance, Needham et al. observed that female football players
exhibited a higher CMAS when performing an unanticipated change of direction (COD) task as
opposed to an anticipated COD task. Consequently, these athletes are more susceptible to
exhibiting movement patterns that are considered "high-risk’, thereby increasing their risk of
injury [33]. The response to a dynamic object, such as a movable ball, could potentially influ-
ence the observed outcomes. Therefore, it is recommended that additional investigation be con-
ducted on unforeseen COD tasks to ascertain the underlying causes for these disparities and to
assess the influence of anticipation on task performance [33]. Moreover, Nijmeijer et al. found
that providing feedback utilizing the Cutting Movement Assessment Score (CMAS) led to
enhanced learning and greater advancements in movement execution compared to the control
group in the anticipated condition. Consequently, the validity of the CMAS scoring tool in the
context of COD maneuvers has been acknowledged through various studies [41]. Additionally,
Hosseini et al. found that combining a fatigue protocol with an unanticipated condition resulted
in a smaller knee flexion angle and increased knee valgus angle in the non-dominant leg com-
pared to the dominant leg during COD [21]. Similarly, Schmidt et al. demonstrated that in
unanticipated conditions, fatigue caused the knee of the non-dominant leg in female handball
players to be more extended during jumping and cutting movements [42]. Previous research
suggests that the combination of fatigue and decision-making hampers proprioceptive receptor
function, increasing the risk of injury. Yom et al. found that unanticipated function exhibited
unsafe performance with notable increases in kinematic and kinetic risk factors in the lower
extremities [43]. Borotikar et al. found that fatigue can increase cognitive errors, impaired deci-
sion-making and concentration in athletes and exposed them at risk of injury [44]. In addition,
a systematic review found that fatigue affects several cognitive contexts. They also reported that
fatigue could affect a decrease in the ability to process Environmental Information, predict
events and respond appropriately [45]. furthermore Bertozzi et al. found that fatigue reduced
unforeseen landing mechanics, as neuromuscular coordination and the ability to predict the
moment and place of contact on the ground reduced limb posture and stress absorption, and
placed the athlete in the risk pattern of non-contact injury factors ACL [46]. Our study, along
with previous research, suggests that the dominant leg may have superior neuromuscular con-
trol compared to the non-dominant leg. However, the rate of change in these parameters varied,
likely due to different testing conditions and participants [43].

In the present study, our results showed that the functional fatigue protocol (SAFT90) pro-
moted greater changes in knee mechanical factors than general fatigue (Bruce protocol) when
combined with an unanticipated condition. Previous literature suggests that less knee flexion
and greater knee valgus are key factors that increase ACL strain [47]. These results are consis-
tent with Olsen et al., who indicated that during change of direction (COD) and forward
movement, the body accelerates in the opposite direction, reducing the knee flexion of the
non-dominant leg while increasing knee valgus. These findings suggest that neuromuscular
control in the dominant leg is superior [48]. Despite this evidence, however, studies by Pollard
et al. and Brown et al. demonstrated that fatigue or limb dominance did not result in any sig-
nificant changes in kinematic characteristics [49, 50]. Possible causes of this discrepancy
include variations in the testing setting, fatigue methods, and subject conditions.

As the functional fatigue protocol includes a variety of movement patterns such as running,
deceleration, and change of direction (CODs) to replicate actual situations during matches or
training for soccer players, this multi-movement protocol may impair neuromuscular control
and increase ACL injury risk to a greater extent than the Bruce protocol. Quammen et al. stud-
ied the effects of two fatigue protocols on lower extremity biomechanics of female NCAA Divi-
sion I soccer players during an unanticipated running-stop jump task [51]. They found a
decrease in knee and hip flexion after the protocols, leading to a more erect or extended
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position [51]. This increased anterior shear force on the tibia and decreased joint angles may
disadvantage hamstring muscles, increasing ACL loading [51]. In their study, the FAST-FP
(functional agility short-term fatigue protocol) induced changes in frontal-plane hip and knee
biomechanics compared to the SLO-FP (slow linear oxidative fatigue protocol). Hip abduction
at peak knee flexion was greater during the FAST-FP, possibly due to greater fatigue in the hip
musculature. Additionally, increased hip abduction angle during landing and knee valgus and
abduction moments were observed after FAST-FP fatigue. The researchers stated that the
FAST-FP or multidirectional functional protocol recruited various muscle groups, while the
SLO-FP primarily affected flexors and extensors [51]. Schmidt et al. also discovered that func-
tional fatigue affected the initial knee flexion angle of the non-dominant limb in all tasks [42].
Moreover, significant changes were observed in the initial knee flexion angle of the dominant
limb, the initial and maximum hip flexion angle, and the maximum knee flexion angle of the
non-dominant leg during the cutting task [42]. In general, their findings revealed that fatigued
players are more susceptible to high-risk movement patterns, particularly in their non-domi-
nant limb. Furthermore, Arsalan et al. found that soccer match-induced neuromuscular
fatigue affects landing biomechanical parameters, indicating a sensory rather than motor
cause [14]. The study emphasizes the importance of considering the impact of fatigue on
impact biomechanics, neuromuscular performance, and movement quality to prevent injuries.
Training programs should address soccer match-induced fatigue to mitigate its effects on land-
ing errors [14]. However, ACL injury risk factors are multifactorial, involving biomechanical
and neuromuscular deficits. Therefore, injury prevention programs are recommended to
address these factors in both fatigued and non-fatigued conditions. Implementing prevention
programs in various situations allows athletes to train safely and improve identified neurome-
chanical risk factors [14].

This study had limitations to consider. Firstly, qualitative evaluations were used for cutting
tasks without direct, objective quantitative data on kinematics and kinetics. For instance, tibial
rotation, known to be a potential risk factor for non-contact ACL injuries during change of
direction (COD) maneuvers, lacked specific measurement in this study [52]. Thus, future
research should examine the effect of the fatigue protocols on knee kinematics and kinetics
using three-dimensional motion analysis and ground reaction force (GRF) analysis. That said,
the Cutting Movement Assessment Score (CMAS) has been validated against 3D motion anal-
ysis and is strongly associated with external peak knee abduction moments (KAMs) [53]. Sec-
ondly, we lacked The literature on longitudinal risk factors for anterior cruciate ligament
(ACL) injuries in soccer players. Finally, the study’s small sample size was limited to Iranian
soccer players. Future research should include larger sample sizes and encompass players with
higher training status to enhance understanding of fatigue’s impact on movement quality.

Conclusions

The study revealed that fatigue protocols worsened neuromuscular control and amplified defi-
cits during unanticipated CODs in female soccer players, increasing the risk of non-contact
ACL injuries. Specifically, cutting movement quality deficits in the non-dominant leg were
heightened after the functional fatigue protocol, suggesting an elevated injury risk. These find-
ings emphasize the need to enhance athletes’ fatigue resilience and reinforce movement quality
during directional changes.

Supporting information

S1 Checklist. Human participants research checklist.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0302144 May 22, 2024 11/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0302144.s001
https://doi.org/10.1371/journal.pone.0302144

PLOS ONE

Effects of fatigue on movement quality

Acknowledgments
The authors thank gratefully all participants involved in the current study.

Author Contributions

Conceptualization: Mohammad Alimoradi, Mansour Sahebozamani, Thomas Dos’Santos.
Data curation: Mohammad Alimoradi, Elham Hosseini, Shima Sheikhbahaie.

Formal analysis: Elham Hosseini, Roya Bigtashkhani.

Investigation: Mansour Sahebozamani, Roya Bigtashkhani.

Methodology: Mohammad Alimoradi, Elham Hosseini, Shima Sheikhbahaie, Roya Bigtash-
khani, Aryan Kabiri.

Resources: Roya Bigtashkhani.

Software: Roya Bigtashkhani, Aryan Kabiri.

Supervision: Thomas Dos’Santos.

Validation: Aryan Kabiri.

Visualization: Mansour Sahebozamani.

Writing - original draft: Mohammad Alimoradi, Elham Hosseini.

Writing - review & editing: Elham Hosseini, Mansour Sahebozamani, Thomas Dos’Santos.

References

1. Hietamo J, Parkkari J, Leppanen M, Steffen K, Kannus P, Vasankari T, et al. Association between lower
extremity muscular strength and acute knee injuries in young team-sport athletes. Transl Sports Med.
2020; 3(6):626—637. https://doi.org/10.1002/tsm2.172

2. iestad BE, Engebretsen L, Storheim K, Risberg MA. Winner of the 2008 Systematic Review Competi-
tion: Knee Osteoarthritis after Anterior Cruciate Ligament Injury. Am J Sports Med. 2009; 37(7):1434—
1443. https://doi.org/10.1177/0363546509338827 PMID: 19567666

3. Wiggins AJ, Grandhi RK, Schneider DK, Stanfield D, Webster KE, Myer GD. Risk of Secondary Injury in
Younger Athletes After Anterior Cruciate Ligament Reconstruction: A Systematic Review and Meta-
analysis. Am J Sports Med. 2016; 44(7):1861—-1876. https://doi.org/10.1177/0363546515621554
PMID: 26772611

4. PuliciL, Certa D, Zago M, Volpi P, Esposito F. Injury burden in professional european football (soccer):
Systematic review, meta-analysis, and economic considerations. Cli J Sport Med. 2023; 33(4):450-7.
https://doi.org/10.1097/JSM.0000000000001107 PMID: 36730365

5. Dos’ Santos T, Thomas C, McBurnie A, Donelon T, Herrington L, Jones PA. The cutting movement
assessment score (CMAS) qualitative screening tool: Application to mitigate anterior cruciate ligament
injury risk during cutting. Biomechanics. 2021; 1(1):83—101. https://doi.org/10.3390/
biomechanics1010007

6. Hosseini E, Daneshjoo A, Sahebozamani M. Comparison of knee kinematic factors between ball and
rocket athletes in predictable and unpredictable cutting maneuvers. PTJ 2021; 11(3):199-208.

7. Lemes IR, Pinto RZ, Lage VN, Roch BA, Verhagen E, Bolling C, et al. Do exercise-based prevention
programmes reduce non-contact musculoskeletal injuries in football (soccer)? A systematic review and
meta-analysis with 13 355 athletes and more than 1 million exposure hours. Br J Sports Med. 2021; 55
(20):1170-8. https://doi.org/10.1136/bjsports-2020-103683 PMID: 34001503

8. Donelon TA, Dos’ Santos T, Pitchers G, Brown M, Jones PA. Biomechanical determinants of knee joint
loads associated with increased anterior cruciate ligament loading during cutting: a systematic review
and technical framework. Sports Med. 2020; 6:1-21. https://doi.org/10.1186/s40798-020-00276-5
PMID: 33136207

9. Kalkhoven JT, Watsford ML, Coutts AJ, Edwards WB, Impellizzeri FM. Training load and injury: causal
pathways and future directions. Sports Med. 2021; 51:1137-50. https://doi.org/10.1007/s40279-020-
01413-6 PMID: 33400216

PLOS ONE | https://doi.org/10.1371/journal.pone.0302144 May 22, 2024 12/15


https://doi.org/10.1002/tsm2.172
https://doi.org/10.1177/0363546509338827
http://www.ncbi.nlm.nih.gov/pubmed/19567666
https://doi.org/10.1177/0363546515621554
http://www.ncbi.nlm.nih.gov/pubmed/26772611
https://doi.org/10.1097/JSM.0000000000001107
http://www.ncbi.nlm.nih.gov/pubmed/36730365
https://doi.org/10.3390/biomechanics1010007
https://doi.org/10.3390/biomechanics1010007
https://doi.org/10.1136/bjsports-2020-103683
http://www.ncbi.nlm.nih.gov/pubmed/34001503
https://doi.org/10.1186/s40798-020-00276-5
http://www.ncbi.nlm.nih.gov/pubmed/33136207
https://doi.org/10.1007/s40279-020-01413-6
https://doi.org/10.1007/s40279-020-01413-6
http://www.ncbi.nlm.nih.gov/pubmed/33400216
https://doi.org/10.1371/journal.pone.0302144

PLOS ONE

Effects of fatigue on movement quality

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Norte GE, Frendt TR, Murray AM, Armstrong CW, McLoughlin TJ, Donovan LT. Influence of anticipation
and motor-motor task performance on cutting biomechanics in healthy men. J Athl Train. 2020; 55
(8):834—842. oi: https://doi.org/10.4085/1062-6050-569-18 PMID: 32688389

Benjaminse A, Webster KE, Kimp A, Meijer M, Gokeler A. Revised approach to the role of fatigue in
anterior cruciate ligament injury prevention: a systematic review with meta-analyses. Sports Med. 2019;
49:565-586. https://doi.org/10.1007/s40279-019-01052-6 PMID: 30659497

Potter D, Reidinger K, Szymialowicz R, Martin T, Dione D, Feinn R, et al. SIDESTEP AND CROSS-
OVER LOWER LIMB KINEMATICS DURING A PROLONGED SPORT-LIKE AGILITY TEST. IntJ
Sports Phys Ther. 2014; 9(5):617-627. PMID: 25328824

Wong TL, Huang CF, Chen PC. Effects of lower extremity muscle fatigue on knee loading during a for-
ward drop jump to a vertical jump in female athletes. J Hum Kinet. 2020; 72(1):5-13. https://doi.org/10.
2478/hukin-2019-0122 PMID: 32269643

Arslan S, Ertat KA, Karamizrak S, iSlegen CE, Arslan TU. Soccer match induced fatigue effect on land-
ing biomechanic and neuromuscular performance. Acta Medica Mediterr. 2019; 35(1):391-397.

Bourne MN, Webster KE, Hewett TE. Is fatigue a risk factor for anterior cruciate ligament rupture?.
Sports Med. 2019; 49(11):1629-1635. https://doi.org/10.1007/s40279-019-01134-5 PMID: 31183767

Forestier N, Nougier V. The effects of muscular fatigue on the coordination of a multijoint movement in
human. Neurosci Lett. 1998; 252(3):187—-190. https://doi.org/10.1016/s0304-3940(98)00584-9 PMID:
9739992

Moon J, Lee J, Kim K, Koo D, Lee J, Pathak P, et al. Effect of muscle-specific fatigue on the risk of ante-
rior cruciate ligament injury in females. Appl Sci. 2021 May 28; 11(11):4969. https://doi.org/10.3390/
app11114969

Bedo BL, Catelli D, Lamontagne M, Moraes R, Pereira DR, Santiago PR. Effect of fatigue on knee kine-
matics and kinetics during sidestep cutting and single leg landing in female handball athletes. ISBS Pro-
ceedings Archive. 2020; 38(1):384.

Qu X., Chen X. (2018). Combined effects of lower limb muscle fatigue and decision making to the knee
joint during cutting maneuvers based on two different position-sense-acuity groups. In: Ahram T. (eds)
Advances in Human Factors in Sports, Injury Prevention and Outdoor Recreation. AHFE 2017.
Advances in Intelligent Systems and Computing, vol 603. Springer, Cham. https://doi.org/10.1007/
978-3-319-60822-8_13

Xia R, Zhang X, Wang X, Sun X, Fu W. Effects of two fatigue protocols on impact forces and lower
extremity kinematics during drop landings: implications for noncontact anterior cruciate ligament injury.
J Healthc Eng. 2017;2017. https://doi.org/10.1155/2017/5690519 PMID: 29065622

Hosseini E, Daneshjoo A, Sahebozamani M, Behm D. The effects of fatigue on knee kinematics during
unanticipated change of direction in adolescent girl athletes: A comparison between dominant and non-
dominant legs. Sports Biomech. 202; 14:1-10. https://doi.org/10.1080/14763141.2021.1925732 PMID:
34121607

Collins JD, Almonroeder TG, Ebersole KT, O’Connor KM. The effects of fatigue and anticipation on the
mechanics of the knee during cutting in female athletes. Clin Biomech. 2016; 35:62—67. https://doi.org/
10.1016/j.clinbiomech.2016.04.004 PMID: 27128767

Cortes N, Greska E, Kollock R, Ambegaonkar J, Onate JA. Changes in lower extremity biomechanics
due to a short-term fatigue protocol. J Ath Train. 2013; 48(3):306—313. https://doi.org/10.4085/1062-
6050-48.2.03 PMID: 23675789

Whyte EF, Richter C, O’Connor S, Moran KA. Investigation of the effects of high-intensity, intermittent
exercise and unanticipation on trunk and lower limb biomechanics during a side-cutting maneuver using
statistical parametric mapping. J Strength Cond Res. 2018; 32(6):1583—1593. https://doi.org/10.1519/
JSC.0000000000002567 PMID: 29543702

Zago M, David S, Bertozzi F, Brunetti C, Gatti A, Salaorni F, et al. Fatigue induced by repeated changes
of direction in élite female football (soccer) players: impact on lower limb biomechanics and implications
for ACL injury prevention. Front Bioeng Biotechnol. 2021; 9:666841. https://doi.org/10.3389/fbioe.2021.
666841 PMID: 34291039

Zago M, Esposito F, Bertozzi F, Tritto B, Rampichini S, Galvani C, et al. Kinematic effects of repeated
turns while running. Eur J Sport Sci. 2019; 19(8):1072—-1081. https://doi.org/10.1080/17461391.2019.
1578416 PMID: 30836850

Bazuelo-Ruiz B, Dura-Gil JV, Palomares N, Medina E, Llana-Belloch S. Effect of fatigue and gender on
kinematics and ground reaction forces variables in recreational runners. PeerJ. 2018; 6:e4489. https://
doi.org/10.7717/peerj.4489 PMID: 29576960

Lessi GC, Dos Santos AF, Batista LF, de Oliveira GC, Serrao FV. Effects of fatigue on lower limb, pelvis
and trunk kinematics and muscle activation: Gender differences. J Electromyogr Kinesiol. 2017; 32:9—
14. https:/doi.org/10.1016/j.jelekin.2016.11.001 PMID: 27865130

PLOS ONE | https://doi.org/10.1371/journal.pone.0302144 May 22, 2024 13/15


https://doi.org/10.4085/1062-6050-569-18
http://www.ncbi.nlm.nih.gov/pubmed/32688389
https://doi.org/10.1007/s40279-019-01052-6
http://www.ncbi.nlm.nih.gov/pubmed/30659497
http://www.ncbi.nlm.nih.gov/pubmed/25328824
https://doi.org/10.2478/hukin-2019-0122
https://doi.org/10.2478/hukin-2019-0122
http://www.ncbi.nlm.nih.gov/pubmed/32269643
https://doi.org/10.1007/s40279-019-01134-5
http://www.ncbi.nlm.nih.gov/pubmed/31183767
https://doi.org/10.1016/s0304-3940%2898%2900584-9
http://www.ncbi.nlm.nih.gov/pubmed/9739992
https://doi.org/10.3390/app11114969
https://doi.org/10.3390/app11114969
https://doi.org/10.1007/978-3-319-60822-8%5F13
https://doi.org/10.1007/978-3-319-60822-8%5F13
https://doi.org/10.1155/2017/5690519
http://www.ncbi.nlm.nih.gov/pubmed/29065622
https://doi.org/10.1080/14763141.2021.1925732
http://www.ncbi.nlm.nih.gov/pubmed/34121607
https://doi.org/10.1016/j.clinbiomech.2016.04.004
https://doi.org/10.1016/j.clinbiomech.2016.04.004
http://www.ncbi.nlm.nih.gov/pubmed/27128767
https://doi.org/10.4085/1062-6050-48.2.03
https://doi.org/10.4085/1062-6050-48.2.03
http://www.ncbi.nlm.nih.gov/pubmed/23675789
https://doi.org/10.1519/JSC.0000000000002567
https://doi.org/10.1519/JSC.0000000000002567
http://www.ncbi.nlm.nih.gov/pubmed/29543702
https://doi.org/10.3389/fbioe.2021.666841
https://doi.org/10.3389/fbioe.2021.666841
http://www.ncbi.nlm.nih.gov/pubmed/34291039
https://doi.org/10.1080/17461391.2019.1578416
https://doi.org/10.1080/17461391.2019.1578416
http://www.ncbi.nlm.nih.gov/pubmed/30836850
https://doi.org/10.7717/peerj.4489
https://doi.org/10.7717/peerj.4489
http://www.ncbi.nlm.nih.gov/pubmed/29576960
https://doi.org/10.1016/j.jelekin.2016.11.001
http://www.ncbi.nlm.nih.gov/pubmed/27865130
https://doi.org/10.1371/journal.pone.0302144

PLOS ONE

Effects of fatigue on movement quality

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

Kwon YU, Blaise Williams DS. Localized ankle plantarflexor and dorsiflexor fatigue following volitional
exhaustion using the Bruce protocol. Isokinetics and Exercise Science. 2018; 26(3):211-218.

Vermeulen S, De Bleecker C, De Blaiser C, Kiling A0, Willems T, Vanrenterghem J, et al. The effect of
fatigue on trunk and pelvic jump-landing biomechanics in view of lower extremity loading: a systematic
review. J Hum Kinet. 2023; 86:73-95. https://doi.org/10.5114/jhk/159460 PMID: 37181257

Butler LS, Milian EK, DeVerna A, Latz K, Ellis HB, Martinez AR, et al. Reliability of the cutting alignment
scoring tool (CAST) to assess trunk and limb alignment during a 45-degree side-step cut. Int J Sports
Phys Ther. 2021; 16(2):312-321. https://doi.org/10.26603/001¢c.21419 PMID: 33842027

Alimoradi M, Sahebozamani M, Hosseini E, Konrad A, Noorian S. The effect on flexibility and a variety
of performance tests of the addition of 4 weeks of soleus stretching to a regular dynamic stretching rou-
tine in amateur female soccer players. Sports. 2023; 11(7):138. https://doi.org/10.3390/
sports11070138 PMID: 37505625

Needham C, Herrington L. Cutting movement assessment scores during anticipated and unanticipated
90-degree sidestep cutting manoeuvres within female professional footballers. Sports. 2022; 10(9):128.
https://doi.org/10.3390/sports10090128 PMID: 36136383

Mai P, Bill K, Glockler K, Claramunt-Molet M, Bartsch J, Eggerud M, et al. Unanticipated fake-and-cut
maneuvers do not increase knee abduction moments in sport-specific tasks: Implication for ACL injury
prevention and risk screening. Front Sports Act Living. 2022; 4:983888. https://doi.org/10.3389/fspor.
2022.983888 PMID: 36439622

De Ste Croix MB, Priestley AM, Lloyd RS, Oliver JL. ACL injury risk in elite female youth soccer:
Changes in neuromuscular control of the knee following soccer-specific fatigue. Scand J Med Sci
Sports. 2015; 25(5):€531-8. https://doi.org/10.1111/sms.12355 PMID: 25556396

Giiler O, Aras D, Akga F, Bianco A, Lavanco G, Paoli A, et al. Effects of aerobic and anaerobic fatigue
exercises on postural control and recovery time in female soccer players. Int J Environ Res Public
Health. 2020; 17(17):6273. https://doi.org/10.3390/ijerph 17176273 PMID: 32872251

Lovell R, Knapper B, Small K. Physiological responses to SAFT90: a new soccer-specific match simula-
tion. Coach Sports Sci. 2008; 3(2):46.

Jones PA, Donelon T, Dos’ Santos T. A preliminary investigation into a qualitative assessment tool to
identify athletes with high knee abduction moments during cutting: Cutting Movement Assessment
Score (CMAS). Professional Strength and Conditioning. 2017.

Lucci S, Cortes N, Van Lunen B, Ringleb S, Onate J. Knee and hip sagittal and transverse plane
changes after two fatigue protocols. J Sci Med Sport. 2011; 14(5):453—-4599. https://doi.org/10.1016/.
jsams.2011.05.001 PMID: 21636322

Pallant J. SPSS survival manual: A step by step guide to data analysis using IBM SPSS. 7th ed: Rout-
ledge; 2020. https://doi.org/10.4324/9781003117452

Nijmeijer EM, Elferink-Gemser MT, McCrory S, Cortes N, Benjaminse A. How to improve movement
execution in sidestep cutting? Involve me and | will learn. Hum Mov Sci. 2023; 90:103115. https://doi.
org/10.1016/j.humov.2023.103115 PMID: 37329711

Schmidt M, Nolte KF, Terschluse B, Jaitner T. Fatigue impairs kinematics but not kinetics of landing and
cutting movements in elite youth female handball players. ISBS Proceedings Archive. 2020; 38(1):696.

Yom JP, Owens T, Arnett S, Beebe J, Son V. The effects of an unanticipated side-cut on lower extremity
kinematics and ground reaction forces during a drop landing. Sports Biomech. 2019; 18(4):414—425.
https://doi.org/10.1080/14763141.2017.1409795 PMID: 29334862

Borotikar BS, Newcomer R, Koppes R, McLean SG. Combined effects of fatigue and decision making
on female lower limb landing postures: central and peripheral contributions to ACL injury risk. Clin Bio-
mech. 2008; 23(1):81-92. https://doi.org/10.1016/j.clinbiomech.2007.08.008 PMID: 17889972

Almonroeder TG, Tighe SM, Miller TM, Lanning CR. The influence of fatigue on decision-making in ath-
letes: a systematic review. Sports Biomech. 2020; 19(1):76—-89. https://doi.org/10.1080/14763141.
2018.1472798 PMID: 29902127

Bertozzi F, Fischer PD, Aflatounian F, Hutchison KA, Sforza C, Monfort SM. Influence of fatigue on cog-
nitive-motor function during unanticipated landings. Am J Sports Med. 2023; 51(10):2740-2747. https://
doi.org/10.1177/03635465231180612 PMID: 37345283

Cronstrom A, Creaby MW, Ageberg E. Do knee abduction kinematics and kinetics predict future anterior
cruciate ligament injury risk? A systematic review and meta-analysis of prospective studies. BMC Mus-
culoskelet Disord. 2020; 21(1):563. https://doi.org/10.1186/s12891-020-03552-3 PMID: 32819327

Olsen OE, Myklebust G, Engebretsen L, Bahr R. Injury mechanisms for anterior cruciate ligament inju-
ries in team handball: a systematic video analysis. Am J Sports Med. 2004; 32(4):1002—-1012. https://
doi.org/10.1177/0363546503261724 PMID: 15150050

PLOS ONE | https://doi.org/10.1371/journal.pone.0302144 May 22, 2024 14/15


https://doi.org/10.5114/jhk/159460
http://www.ncbi.nlm.nih.gov/pubmed/37181257
https://doi.org/10.26603/001c.21419
http://www.ncbi.nlm.nih.gov/pubmed/33842027
https://doi.org/10.3390/sports11070138
https://doi.org/10.3390/sports11070138
http://www.ncbi.nlm.nih.gov/pubmed/37505625
https://doi.org/10.3390/sports10090128
http://www.ncbi.nlm.nih.gov/pubmed/36136383
https://doi.org/10.3389/fspor.2022.983888
https://doi.org/10.3389/fspor.2022.983888
http://www.ncbi.nlm.nih.gov/pubmed/36439622
https://doi.org/10.1111/sms.12355
http://www.ncbi.nlm.nih.gov/pubmed/25556396
https://doi.org/10.3390/ijerph17176273
http://www.ncbi.nlm.nih.gov/pubmed/32872251
https://doi.org/10.1016/j.jsams.2011.05.001
https://doi.org/10.1016/j.jsams.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21636322
https://doi.org/10.4324/9781003117452
https://doi.org/10.1016/j.humov.2023.103115
https://doi.org/10.1016/j.humov.2023.103115
http://www.ncbi.nlm.nih.gov/pubmed/37329711
https://doi.org/10.1080/14763141.2017.1409795
http://www.ncbi.nlm.nih.gov/pubmed/29334862
https://doi.org/10.1016/j.clinbiomech.2007.08.008
http://www.ncbi.nlm.nih.gov/pubmed/17889972
https://doi.org/10.1080/14763141.2018.1472798
https://doi.org/10.1080/14763141.2018.1472798
http://www.ncbi.nlm.nih.gov/pubmed/29902127
https://doi.org/10.1177/03635465231180612
https://doi.org/10.1177/03635465231180612
http://www.ncbi.nlm.nih.gov/pubmed/37345283
https://doi.org/10.1186/s12891-020-03552-3
http://www.ncbi.nlm.nih.gov/pubmed/32819327
https://doi.org/10.1177/0363546503261724
https://doi.org/10.1177/0363546503261724
http://www.ncbi.nlm.nih.gov/pubmed/15150050
https://doi.org/10.1371/journal.pone.0302144

PLOS ONE

Effects of fatigue on movement quality

49.

50.

51.

52.

53.

Brown AM, Zifchock RA, Hillstrom HJ. The effects of limb dominance and fatigue on running biome-
chanics. Gait Posture. 2014; 39(3):915-919. https://doi.org/10.1016/j.gaitpost.2013.12.007 PMID:
24405748

Pollard CD, Norcross MF, Johnson ST, Stone AE, Chang E, Hoffman MA. A biomechanical comparison
of dominant and non-dominant limbs during a side-step cutting task. Sports Biomech. 2018; 19(2):271—
279. https://doi.org/10.1080/14763141.2018.1461236 PMID: 29671697

Quammen D, Cortes N, Van Lunen BL, Lucci S, Ringleb SI, Onate J. Two different fatigue protocols
and lower extremity motion patterns during a stop-jump task. J Athl Train. 2012; 47(1):32—41. https:/
doi.org/10.4085/1062-6050-47.1.32 PMID: 22488228

Shin CS, Chaudhari AM, Andriacchi TP. Valgus plus internal rotation moments increase anterior cruci-
ate ligament strain more than either alone. Med Sci Sports Exerc. 2011; 43(8):1484—1491. https://doi.
org/10.1249/MSS.0b013e31820f8395 PMID: 21266934

Dos’Santos T, McBurnie A, Donelon T, Thomas C, Comfort P, Jones PA. A qualitative screening tool to
identify athletes with ‘high-risk’movement mechanics during cutting: The cutting movement assessment
score (CMAS). Phys Ther Sport. 2019; 38:152—161. https://doi.org/10.1016/j.ptsp.2019.05.004 PMID:
31153108

PLOS ONE | https://doi.org/10.1371/journal.pone.0302144 May 22, 2024 15/15


https://doi.org/10.1016/j.gaitpost.2013.12.007
http://www.ncbi.nlm.nih.gov/pubmed/24405748
https://doi.org/10.1080/14763141.2018.1461236
http://www.ncbi.nlm.nih.gov/pubmed/29671697
https://doi.org/10.4085/1062-6050-47.1.32
https://doi.org/10.4085/1062-6050-47.1.32
http://www.ncbi.nlm.nih.gov/pubmed/22488228
https://doi.org/10.1249/MSS.0b013e31820f8395
https://doi.org/10.1249/MSS.0b013e31820f8395
http://www.ncbi.nlm.nih.gov/pubmed/21266934
https://doi.org/10.1016/j.ptsp.2019.05.004
http://www.ncbi.nlm.nih.gov/pubmed/31153108
https://doi.org/10.1371/journal.pone.0302144

