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Kiss goodbye to the ‘kissing knees’: no association between 
frontal plane inward knee motion and risk of future non-contact 
ACL injury in elite female athletes
Agnethe Nilstada, Erich Petushekb, Kam-Ming Mokc,d, Roald Bahra and Tron Krosshauga

aOslo Sports Trauma Research Center, Department of Sports Medicine, Norwegian School of Sport Sciences, 
Oslo, Norway; bHealth Research Institute, Department of Cognitive and Learning Sciences, Michigan 
Technological University, Houghton, MI, USA; cDepartment of Orthopaedics and Traumatology, Prince of 
Wales Hospital, Faculty of Medicine, The Chinese University of Hong Kong, Hong Kong, China; dOffice of 
Student Affairs, Lingnan University, Hong Kong, China

ABSTRACT
The aim of this study was to investigate if frontal plane knee and hip 
control in single-leg squats or vertical drop jumps with an overhead 
target were associated with future non-contact anterior cruciate liga-
ment (ACL) injury in elite female athletes. Of the 429 handball and 451 
football athletes (age 21.5 ± 4.0 years, height 169.6 ± 6.4 cm, body 
weight 67.1 ± 8.0 kg), 722 non-injured and 56 non-contact ACL injured 
participants were eligible for analysis. We calculated lateral pelvic tilt, 
frontal plane knee projection angle, medial knee position, and side-to- 
side asymmetry in these from 2D videos recorded at baseline, and 
recorded any new ACL injuries prospectively. None of the aforemen-
tioned variables in either screening task were different or could dis-
criminate between injured and non-injured athletes (all p values >.05 
and Cohen’s d values < .27). Two-dimensional video assessment of 
frontal plane knee and hip control during both a single-leg squat and 
vertical drop jump was unable to identify individuals at increased risk 
of non-contact ACL injury, thus should not be used for screening.
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Introduction

Anterior cruciate ligament (ACL) injuries represent a significant concern in sports, due 
to the serious consequences for the injured athlete, with time lost from sport and 
decreased performance (Grindem et al., 2014). The long-term consequences may be 
even more severe, with increased risk of early osteoarthritis, reduced knee function and 
pain (Lie et al., 2019). While the practice has recently been questioned (Bahr, 2016), some 
practitioners and researchers still advocate the use of movement screening tests to 
identify athletes with increased risk for injury (Hewett et al., 2016). The assessment of 
frontal plane hip and knee motion in different movement tasks has been introduced 
based on the fact that excessive knee valgus motion has consistently been observed in 
video analyses of non-contact ACL injury situations (Koga et al., 2011, 2010; Krosshaug 
et al., 2007; Olsen et al., 2004; Waldén et al., 2015). Two-dimensional (2D) analyses, 
assessing frontal-plane projection angle (FPPA), are believed to represent a valid and 
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reliable method to quantify knee-valgus motion during a number of screening tasks, 
including single-leg squats, single-leg landings, drop jump landings, side-steps and side 
jump manoeuvres (McLean et al., 1999, 2005; Munro et al., 2012; Stensrud et al., 2011; 
Willson & Davis, 2008). Filming screening tests using ordinary video cameras can easily 
be standardised and represents a time-efficient, low-cost assessment tool, compared to 
more advanced and expensive three-dimensional (3D) marker-based analysis, used in 
several previous studies (Hewett et al., 2005; Krosshaug et al., 2016; Leppänen et al., 
2017). Video-based movement screening would therefore be well suited for large-scale 
screening. It is also worth noting that, although 3D analysis is believed to represent the 
gold standard research tool, surface markers can introduce large errors in valgus mea-
surements due to landmark identification and soft tissue artefacts (Gasparutto et al., 
2020; Mok et al., 2015; Stagni et al., 2005). Previous fluoroscopy studies (Myers et al., 
2011) have revealed that while the true valgus angle will be less than 2 degrees in a jump 
landing, the measurement estimated from surface markers can be up to 30 degrees 
(Chappell & Limpisvasti, 2008; Ford et al., 2003). Simple 2D video measurements of 
frontal plane joint motion may therefore represent a good alternative to using sophisti-
cated 3D motion capture systems to estimate true knee valgus angles. Importantly, even if 
a screening test may not be able to identify the athlete at risk with sufficient specificity 
and sensitivity, it could serve an important role in identifying potential risk factors 
related to movement characteristics at the group level.

Several prospective cohort studies have investigated whether a vertical drop jump 
(VDJ) can be used for screening purposes. Although a recent meta-analysis (Cronström 
et al., 2020) documents that frontal plane kinematics cannot be used to screen for ACL 
injury risk, it is worth noting that the initial study identifying knee valgus as a risk factor 
included an overhead target (Hewett et al., 2005), whereas later studies that failed to 
identify the same factors have not (Krosshaug et al., 2016; Leppanen et al., 2017; Smith 
et al., 2012). A previous study comparing vertical drop jumps with and without an 
overhead target concluded that using an overhead target can improve jump height and 
significantly alter knee biomechanics (Mok et al., 2017).

In contrast to what is observed in actual injury situations, the weight is distributed 
near evenly on both legs in a drop jump task. Thus, a two-leg test is not specific and may 
also mask potential deficits in either leg. Stensrud et al. (2011) investigated hip and knee 
kinematics in vertical drop jumps, single-leg squats and single-leg drop jumps and found 
the two first tests to provide important information on knee control. The correlation 
between the single-leg squat and vertical drop jump tests was found to be low, suggesting 
that these tests identified different participants with poor knee control. However, the 
single-leg squat has so far only been used to assess risk factors for general lower extremity 
injury (Räisänen et al., 2018), but never included in a prospective cohort study on non- 
contact ACL injuries specifically. Hence, the purpose of this study was to investigate if 
frontal plane hip and knee kinematics based on 2D-video recordings of vertical drop 
jumps with an overhead target, or single-leg squats, were associated with increased ACL 
injury risk. The hypothesis was that greater frontal plane projection angles, medial knee 
displacement and lateral pelvic tilt, as well as greater leg asymmetry, would be associated 
with increased ACL injury risk.
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Methods

Study design and participants

The current study was based on a prospective cohort study aimed at investigating risk 
factors for non-contact ACL injuries in female elite handball and football athletes 
(Krosshaug et al., 2016; Sivertsen et al., 2019; Steffen et al., 2016, 2017). In 2007, we 
invited all teams in the Norwegian female handball premier league to a comprehensive 
pre-season baseline screening examination. From 2008 to 2013, new teams and athletes 
advancing to the premier league were invited to the same tests. From 2009 to 2014, we 
also included football athletes from the female premier league. A total of 880 athletes 
were included for testing (Football: 451; handball: 429).

The study was approved by the Regional Committee for Medical Research Ethics; 
South-Eastern Norway Regional Health Authority, and by the Norwegian Social Science 
Data Services, Norway. Athletes signed a written informed consent form before inclu-
sion, including parental consent for athletes aged <18 yrs.

Screening tests

Athletes attended 1 day of screening during the preseason. Frontal plane video analyses 
of single-leg squats and vertical drop jumps were part of the screening test battery. The 
athletes wore shorts, a sports bra and indoor training shoes, and first completed 
a standardised warm-up procedure, then the single-leg squat, and, finally, the vertical 
drop jump. The screening tests have been described in detail by Stensrud et al. (2011).

Single-leg squat

The athletes performed a single-leg squat to 90° of knee flexion for each leg, standing on 
a metal plate. To ensure 90° of knee flexion, two-legged squat depth was measured with 
a standard goniometer (GYMNA, Berlin, Germany), and a string with a small metal 
weight was attached to the lateral aspect of the proximal thigh, so that the weight touched 
the metal plate. The anterior superior iliac spines (ASIS) and tibial tuberosities were 
marked with a small piece of white tape to facilitate 2D analyses of hip and pelvis 
position. During the trials, the athletes performed a single-leg squat until the metal 
weight made contact with the plate and provided feedback to return to the starting 
position. The athletes held their hands on the waist and were instructed to look forward 
during the squat. A trial was invalid if they held the opposite leg in front of the body 
during the squat, if the opposite leg touched the stance leg or the ground, if hands were 
removed from the waist, or the player lost balance during the performance. Right and left 
leg performance were analysed separately. We used a digital camera (digital consumer 
camcorders with SD resolution until 2012 and HD resolution from 2013, both cameras 
recording at 25 Hz), which was positioned on a tripod, approximately 1 m above the 
ground and 4.5 m in front of the metal plate, to record all trials for further analyses 
(Stensrud et al., 2011).

SPORTS BIOMECHANICS 3



Vertical drop jump with overhead target

The athletes performed a vertical drop jump from a 30-cm box, and we used the same 
digital camera setup as for the single-leg squat. Starting on top of the box, athletes were 
instructed to drop off the box using a symmetrical 2-foot landing strategy, immediately 
followed by a maximal vertical jump. To ensure that athletes performed the jump with 
maximal effort and with an external focus of attention, a ball was attached to a string 
hanging 260 cm above the floor, of which the athletes were encouraged to touch. A trial 
was judged invalid if the athletes jumped rather than dropped off the box or failed to 
perform a maximal effort vertical jump after the first landing. Athletes were allowed three 
practice trials before the test and completed three valid trials.

2D video analyses

We included three valid trials for each leg from the single-leg squat, and three valid trials 
from the vertical drop jump test and analysed the deepest position of each trial. For the 
vertical drop jump, we also analysed the frame of initial heel contact, i.e. when the foot 
was flat on the ground. We used a Java-based computer software (ImageJ, Version 1.50, 
National Institutes of Health, USA) to identify joint centres using digital markers and to 
calculate joint kinematics. All testers underwent a structured training programme, 
involving a thorough description of the procedures, followed by two rounds of practice 
analyses. After each round, we had consensus meetings where we discussed the selection 
of frames and marker placements. After the final consensus meeting, we conducted 
independent analyses of 20 participants, to determine the inter-rater reliability.

Joint centre estimation

Due to differences in body anthropometrics, technique and video quality, estimating 
joint centres was the part requiring most discussions and training. To estimate joint 
centres as accurate as possible, we used a Model-Based Imaged-Matching technique 
described in Krosshaug and Bahr (2005) to visualise hip, knee and ankle joints as 
a part of the structured training program (Figure 1).

The hip joint centres were estimated when the player was standing upright, using a frame 
prior to the analysed frames, and was defined using the method of Bell (Bell et al., 1990). 
ImageJ allowed us to keep the same, fixed distance between the hip joint centres in all the 
analysed frames. The hip joint centres were estimated when the player was standing upright 
and was defined using the method of Bell (Bell et al., 1990). ImageJ allowed us to keep the 
same, fixed distance between the hip joint centres in all the frames analysed. Both joint 
centres were moved simultaneously using the left/right/down/up keys as the participant 
descended towards the greater hip and knee flexion, to ensure a fixed width between the hip 
joint centres. We estimated the hip joint centres based on thigh and trunk segment move-
ments using the observations learned during the training sessions to guide positioning. In 
case of an observed lateral pelvic tilt, we naturally allowed a height difference in the hip joint 
centres, and kept the horizontal distance fixed. The knee joint centres were defined as the 
mid-point between the femur condyles (Davis et al., 1991). The ankle joint centres were 
defined as the mid-point between the lateral and medial malleoli, while at the same time 
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taking into consideration the possible internal or external rotation of the tibia (Eng & 
Winter, 1995). When all joint centres were identified using the digital markers, we extracted 
the x and y coordinates for each marker to calculate knee and hip joint kinematics.

Variables

For the single-leg squat, we calculated the frontal plane projection angle (FPPA), 
medial knee position (MKP), and the lateral pelvic tilt (LPT) for both sides, as well 
as asymmetry in these variables between sides. For the vertical drop jump test, we 
calculated FPPA, MKP, and medial knee displacement (MKD) at initial contact and 
peak knee flexion, as well as the asymmetry between legs. The FPPA was defined as 
the angle set by the line connecting the hip and knee joint, and the line connecting 
the knee and ankle joint (Figure 2(a)). FPPA <0 represents knee valgus, whereas 
values >0 correspond to knee varus. LPT was defined as the angle between the line 
drawn between right and left hip joint centres and a horizontal line through the hip 
joint centre of the squatting leg (Figure 2(a)). LPT >0 represents a contralateral drop 
of the pelvis, whereas LPT <0 represents a contralateral hike (elevation) of the 
pelvis. MKP was defined as the perpendicular distance from the knee joint centre 
to the line joining the ankle and hip joint centres, projected onto the frontal plane 
(Figure 2(b)). We calculated the distance in pixels, normalised for leg length, where 
leg length was defined as the pixel distance between the hip and ankle joint centre at 
initial heel contact of the drop jump. MKP <0 corresponds to knee valgus, whereas 
MKP >0 corresponds to knee varus. MKD was calculated as the difference between 
MKP at initial contact and peak knee flexion.

Figure 1. Superimposed skeleton model during a single-leg squat to estimate joint centres, using the 
method of Krosshaug and Bahr (2005).

SPORTS BIOMECHANICS 5



Injury registration

We recorded all complete ACL injuries among the tested athletes through 
March 2015 (eight years/seasons), primarily through semi-annual contact with the 
participating teams (manager, coach, medical staff), or monthly during the competi-
tive season. If any acute knee injuries occurring during regular team training or 
competition were reported, we contacted the injured player by phone to obtain 
detailed medical data and a description of the injury situation. All ACL injuries 
were verified by MRI and/or arthroscopy as complete ruptures. Direct contact related 
injuries were excluded from the analysis (N = 9). In addition, we obtained informa-
tion about previous ACL injuries through questionnaires administrated as part of the 
screening test battery.

Statistical procedures

To determine differences in 2D kinematics between future non-contact ACL injured and 
non-injured athletes, independent Welch’s t-tests were used to compare means given the 
unequal sample sizes (Delacre et al., 2017) as well as measures of effect size using Cohen’s 
d. Area under the receiver operating characteristics curve (AUC) was also performed for 
each variable to determine the prognostic characteristics. Area under the curve values 
were characterised as: outstanding (0.90–1), excellent (0.80–0.89), acceptable (0.70–0.79), 
poor (0.51–0.69), and no discrimination (0.50) (Hosmer et al., 2013). Finally, we 

Figure 2. The single-leg squat (a) and the vertical drop jump (b) tests, visually presenting the 
calculation of the lateral pelvic tilt (LPT) and frontal plane projection angle (FPPA) in 2A, and the 
medial knee position (MKP) in 2B. The FPPA angle and Medial Knee Position seen in these athletes 
would have a negative sign due to the valgus joint position.
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performed logistic regression analyses for each variable to control for variables that may 
influence injury risk such as previous ACL injury to either side and sport type (Annesi 
et al., 1989; Janes & Pepe, 2008). For the non-injured athletes, we selected a random side/ 
limb to be included in the analysis. Data were analysed using R (Team, 2018) with pROC 
to perform the receiver operating characteristic (ROC) and area under the curve (AUC) 
analysis.

To assess inter-rater reliability for marker positioning and calculation of variables 
between raters, we calculated intraclass correlation coefficients (ICC) and standard error 
of measurements (SEM). Based on the 95% confident interval of the ICC estimate, values 
less than 0.50 are indicative of poor, between 0.50 and 0.75 as moderate, between 0.75 and 
0.90 as good, and greater than 0.90 are defined as excellent reliability (Koo & Li, 2016). 
The alpha level was set at p < .05 for all analyses.

Results

Of the 429 handball and 451 football athletes (age 21.5 ± 4.0 years, height 169.6 ± 6.4 cm, 
body weight 67.1 ± 8.0 kg) included, 86 athletes had a previous ACL injury, of which 14 
suffered a new ACL injury. In total, we recorded 74 new ACL injuries. Some had to be 
excluded from the analyses for the following reasons: 1) contact related ACL injury 
(n = 9), 2) incomplete or invalid tests, 3) video recording errors. The sample size for each 
variable is reported in Table 1. The median time from testing to injury was 434 days, and 
25 (39%) of those injuries occurred within 1 year after testing.

None of the variables within the single-leg squat or drop vertical jump could dis-
criminate between athletes who sustained a future non-contact ACL injury or the non- 
injured athletes (Table 1). The results of the logistic regression analyses and correspond-
ing adjusted odds ratios corroborated the univariable analyses. For the variables shown in 
the table, we also calculated side-to-side differences as a measure of asymmetry. None of 
the asymmetry variables differed between groups, nor could they discriminate between 
injured and non-injured (p values >.54).

Inter-rater reliability

Due to the vast amount of work involved in analysing all trials of nearly 800 players, we 
had two teams (team 1: four analysts, and team 2: three analysts), responsible for the 
handball and football cohorts, respectively. We calculated intra-rater reliability for each 
team individually, based on analyses of 20 randomly selected athletes from the cohort. 
Inter-rater reliability was found to be good to excellent, in all but two variables, with 
intraclass correlation coefficients (ICC) ranging from 0.60 to 0.95 for all variables, also 
confirmed by the standard error of measurements (SEM) for both sessions (Table 2).

Discussion and implications

The purpose of this study was to investigate if frontal plane knee and hip kinematics in 
single-leg squats, or vertical drop jumps with an overhead target, are associated with 
future ACL injury risk. However, none of the variables in either tests were associated with 
an increased risk for ACL injury.
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The vertical drop jump test

Although we included an overhead target for the VDJ test, the result did not deviate 
from the recent meta-analysis of Cronström et al. (2020). We found only minor, non- 
significant, differences in group means, and all effect sizes were smaller than 0.3, 
suggesting that even if we would have identified statistically significant differences, 
these would likely be of minor importance. In other words, even if we had more than 
100 injury cases, there are no indications suggesting that the conclusion would 
change. Although some past VDJ studies, based on smaller samples, have suggested 
that we may be able to identify risk factors in some cohorts, the results are incon-
sistent and the factors identified differ between each study (Hewett et al., 2005; 
Leppänen et al., 2017; Padua et al., 2015). Even if the VDJ test could be useful in 
certain cohorts, higher-powered studies have revealed that the VDJ test failed to 
provide any information on future injury risk in female elite handball and football 
athletes, in high school and college athletes or in combat soldiers (Krosshaug et al., 
2016; Schwartz et al., 2020; Smith et al., 2012). These studies cover different age 
groups, playing levels and sexes.

The single-leg squat test

Based on previous investigations, we know that the single-leg squat test can detect poor 
knee control, i.e. greater valgus motion, in athletes who demonstrate good control in the 
VDJ test. Therefore, we wanted to examine whether such a single-leg test could detect 
injury-related movement characteristics. However, the results clearly demonstrated this 
to not be the case. If anything, the tendencies were towards valgus movement being 
higher in the non-injured group. Although these two tests failed to detect movement- 
related risk factors, two studies suggest that single-leg drop jumps may be more suitable 
to detect movement-related risk factors. In a study by Numata et al. (2018), 27 non- 
contact ACL injuries in high-school basketball and handball athletes were recorded after 
baseline testing; they were compared to 27 randomly selected uninjured knees. Greater 

Table 2. Summary of the inter-rater reliability from two separate sessions.
Inter-rater reliability, team 1 Inter-rater reliability, team 2

ICC SEM ICC SEM

Single-Leg Squat
FPPA (°) 0.88 6.6° 0.95 1.9°
MKP (%) 0.87 3.0% 0.93 3.2%

LPT (°) 0.77 1.7° 0.72 1.5°
Vertical Drop Jump, initial contact

FPPA (°) Right 0.85 3.6° 0.70 3.5°
FPPA (°) Left 0.89 5.5° 0.72 4.5°

MKP (%) Right 0.85 1.6% 0.83 1.1%
MKP (%) Left 0.89 2.4% 0.60 1.5%

Vertical Drop Jump, peak knee flexion
FPPA (°) Right 0.91 4.4° 0.94 3.5°
FPPA (°) Left 0.93 6.6° 0.93 4.3°

MKP (%) Right 0.92 2.1% 0.81 1.1%
MKP (%) Left 0.94 2.6% 0.82 1.4%

ICC: Intraclass correlation coefficient; SEM: Standard error of measurement; FPPA: Frontal plane projection angle; MKP: 
Medial knee position
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valgus measures were identified in athletes who later were injured. In an even smaller 
cohort, with seven ACL injuries, Dingenen et al. (2015) found a combination of increased 
knee valgus and ipsilateral trunk motion during a single-leg drop jump to be a risk factor. 
These findings should be considered as preliminary evidence for valgus as a risk factor for 
ACL injury, and need to be replicated in a variety of larger cohorts before we can make 
firm conclusions. They also suggest that a one-leg drop jump may be a more appropriate 
task than two-leg drop jumps or single-leg squats to identify injury-related movement 
characteristics. A one-leg landing is clearly more sport-specific and, importantly, more 
injury-specific, compared to the two tests used in our study. One may speculate that 
a cutting test might provide even higher predictive power compared to one-leg drop 
jumps. Recently, Nedergaard et al. (2020) reported poor correlations between single-leg 
drop/jump tasks and a cutting manoeuvre. Numata et al. (2018) reported a 2.5 times 
greater number of cutting-related injury situations compared to single-leg landings. 
However, there are currently no prospective cohort studies using cutting manoeuvre 
biomechanics as the prognostic variable.

Methodological considerations

The present study represents a major undertaking with more than 800 elite female 
handball and football athletes assessed using a screening task over a 7-year period, with 
15 included test sessions in total. The current analyses included 56 non-contact ACL 
injuries, more than twice the size of most other cohorts. This is important, as most other 
published studies are simply too small to be conclusive. According to Bahr and Holme, 
strong to moderate associations can only be detected if the study includes 20–50 injury 
cases, and the measurement tool has high reliability. Unfortunately, high movement 
variability and less than optimal measurement reliability place most studies in the low 
end of this interval, and at least those which have less than 20 injury cases are highly 
susceptible to drawing spurious conclusions.

For the video analyses, we dedicated substantial time and effort to optimising validity 
and reliability before conducting thorough analyses. The many iterations of ‘calibrating’ 
the video analysts were time-consuming, but resulted in good to excellent reliability for 
all variables, except for left leg MKP. Moreover, to ensure high validity, we used 
sophisticated methods (Krosshaug & Bahr, 2005) to visualise the joint centres so that 
the assessors would be precise in identifying joint centres, even in difficult scenarios 
where the player displayed excessive forward lean. The reliability between testers in this 
study is comparable with previous studies investigating test–retest reliability within the 
same tester (Gwynne & Curran, 2014; Munro et al., 2012; Warner et al., 2019). Hence, we 
can be fairly confident in the results of this study, despite having several assessors.

Due to different light conditions and advances in video camera technology, the video 
sequences from the last years were noticeably improved over the first years. However, 
importantly, although picture quality was less optimal in the first years, we do not believe 
that we would be able to identify the ankle and knee joint centres more precise with higher 
quality, as long as the boundaries of the leg were clearly identifiable even in the older 
recordings. Furthermore, we included both new and old videos for our reliability tests, 
making them representative of the data material as a whole. Unfortunately, in some test 
sessions (7 handball sessions and 6 football sessions overall), video cameras were not levelled, 
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as can be seen in Figure 2(b). This may have impacted our measurements of lateral pelvic tilt 
and may have impacted our risk factor estimates. For this reason, we conducted an addi-
tional regression analysis correcting for this variable, including a test session as an adjust-
ment factor. However, the results were virtually identical to the un-adjusted statistical model.

Although we calculated several different movement variables to thoroughly character-
ise frontal plane knee control, it is possible that other movement-related variables than 
the ones we have investigated could be more important. However, in a recent online 
video analysis study, more than 200 sports medicine professionals aimed to rate injury 
risk, based on a vertical drop jump test from 101 players (Mørtvedt et al., 2020). Twenty 
of these players would later sustain an ACL injury. The sports medicine practitioners 
were allowed to assess these videos repeatedly to identify any risk factor that may be 
present. The study clearly demonstrated that none of these practitioners, many with 
higher education and extensive clinical experience, were able to detect any movement- 
related factors relevant to ACL injury.

Conclusion

The current study found no association between frontal plane hip and knee kinematics in 
single-leg squats or vertical drop jumps with overhead target and ACL injury risk in elite 
female handball and football athletes. Future prospective studies may need to utilise other 
movement tasks, with a closer resemblance to injury situations, to identify risk factors 
associated with ACL injury.
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