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and at maximal knee valgus (8.3 ± 4.3 vs. 5.1 ± 4.1 cm, 
P = 0.007).
Conclusion The results of this study confirm that dynamic 
knee valgus is a potential risk factor for non-contact ACL 
injury in female high school athletes. Fully understanding 
the risk factors that increase dynamic knee valgus will help 
in designing more appropriate training and interventional 
strategies to prevent injuries in at-risk athletes.
Level of evidence Prognostic studies, Level II.

Keywords Two-dimensional motion analysis · Anterior 
cruciate ligament injury · Non-contact injury · Female 
athletes · Knee valgus

Introduction

Anterior cruciate ligament (ACL) injury is a serious and 
increasingly common sports injury affecting young athletes. 
ACL injuries frequently require ligament reconstruction, 
with prolonged rehabilitation delaying the athletes’ return 
to sports. Furthermore, ACL reconstruction is often compli-
cated by knee joint degeneration and osteoarthritis over the 
long term. Therefore, adequate prevention and prophylaxis 
for ACL injury, particularly non-contact injuries, are crucial 
in athletes at risk of such injuries [2, 3, 28, 31].

Adequate prevention requires an in-depth understand-
ing of the aetiological factors, risk factors, and mecha-
nisms underlying sports injuries [2, 3, 28, 31]. Preventive 
measures are then introduced to reduce the risk and/or 
severity of the sports injuries, and their efficacy evalu-
ated in subjects. Following this paradigm, ACL injury 
prevention has focused on identifying risk factors. 
Besides race [30] and family history [8], female sex has 
been identified as one of the most significant risk factors 
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for ACL injury [1, 10, 14, 18, 19, 21, 24–26, 32]. Women 
have a 3.8-fold greater risk of ACL injury than similarly 
trained men [4, 9, 22, 24]. ACL injury is particularly 
prevalent among female athletes in sports such as bas-
ketball and handball, which require cutting and landing 
motions [1, 19].

Besides non-modifiable anatomical and hormonal risk 
factors [10, 15, 18], various modifiable neuromuscular 
risk factors such as decreased neurocognitive function 
[27] and increased trunk displacement after sudden force 
release [34] have been shown to be associated with an 
increased risk of ACL injury in female athletes. Addition-
ally, neuromuscular control of the core and hip muscles, 
which play important roles in lower extremity mechanics, 
likely influences ACL and lower extremity injury risk 
[2, 10, 24]. Although static malalignment of the lower 
limbs such as excessive knock-knee [23] and hyperpro-
nation of the foot [5] also increases ACL injury risk, 
dynamic alignment of the lower limbs during the two-leg 
drop jump [18] and single-leg drop jump is known to 
significantly differ in knees at risk of ACL injury [20, 
33]. However, two-dimensional (2D) movement analysis 
of single-leg landing in the context of ACL injury risk 
has not been adequately studied to date [7, 17]. Based on 
the hypothesis that dynamic knee valgus will help iden-
tify female high school athletes at risk of non-contact 
ACL injury, this study aimed to evaluate the relationship 
between the extent of knee valgus and the development of 
non-contact ACL injury by measuring knee valgus with 
coronal-plane 2D imaging of single-leg landing in young 
female athletes.

Materials and methods

Two hundred ninety-one female high school athletes 
newly enrolled in basketball and handball clubs at 15 high 
schools between 2009 and 2011 were assessed. Subjects 
with a previous knee injury were excluded. The purpose 
and potential risks of this study were explained to the 
subjects, and written informed consent was obtained from 
all the participants and their parents or guardians. The 
study design was approved by the ethics committees of 
our university. Subjects were asked to perform a single-
leg drop jump at the time of high school admission, which 
was recorded with a video camera. Video acquisition and 
2D motion analysis were successfully performed in all 
subjects at enrolment. All subjects were followed up for 
3 years for ACL injury, and the relationship between 
initial 2D motion analysis results and subsequent ACL 
injury, including the nature and mechanism of injury, was 
investigated.

Two‑dimensional motion analysis

Two-dimensional motion analysis was performed using a 
previously validated methodology [12]. Surface markers 
(diameter: 9.0 mm) were attached over the bilateral anterior 
superior iliac spine and medial and lateral femoral condyles. 
Subjects were instructed to jump with a single leg from a 
30-cm-high box and land 60 cm in front of the starting point 
on the single leg and then jump straight up to the maximal 
height. Each subject performed the jump three times using 
each leg (total of six jumps). Since all 2D motion analyses 
were performed shortly after enrolment, prior to any of the 
subjects experiencing ACL injury, the investigators were 
inherently blinded to the study groups.

Dynamic knee valgus was analysed during single-leg 
drop jumps using 2D coronal-plane images acquired using 
a video camera (IVIS HFS10, Canon). Videos of the jump 
were divided into 30 frames per second, and all markers 
were identified in the still images. The images from the three 
jumps on each side were analysed for rotation and postural 
sway. The most stable jump with the minimum rotation and 
postural sway (balance maintained for more than 1 s) was 
selected for further analysis using ImageJ software (National 
Institutes of Health). The midpoint between the medial and 
lateral femoral condyles was defined as the centre of the 
patella. Dynamic knee valgus was measured by the distance 
from the tip of the hallux to the point where the line connect-
ing the centre of the patella and anterior superior iliac spine 
intersected the floor (Fig. 1) [12]. This index was chosen 
because it has previously been shown to be significantly cor-
related with and a reliable alternative for three-dimensional 
(3D) valgus [12]. Calculations were done at two time points: 
first, when the hallux contacted the ground, and then, when 
the knee was at the most valgus position (Fig. 2). The dis-
tance was graded as positive if the point was located inward 
from the hallux.

ACL injury

During the 3-year follow-up period, 28 athletes (9.6%) had 
a confirmed ACL rupture. Within the injured group, three 
subjects had a contact ACL injury and 25 had a non-con-
tact ACL injury (two athletes had bilateral injury). Among 
these 27 non-contact ACL injuries, 15 occurred in basketball 
players and 12 in handball players. In terms of mechanism 
of injury, 15 knees were injured during a feint, six during 
landing, and six during other movements. The results of 
the 2D movement analysis in the injured group of 27 knees 
with non-contact ACL injury were compared with those of 
a control group consisting of 27 knees that were randomly 
selected from the uninjured knees.

The study was approved by the Ethical Committee of 
Graduate School of Medical Sciences, Kanazawa University 
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(approval #1050). Written informed consent was obtained 
from all the participants and their parents or guardians for 
publication of images and other identifying information 
included in this article.

Statistical analysis

All data are presented as mean  ±  standard deviation. 
Unpaired t tests were used to evaluate differences between 
the injured and uninjured groups. SPSS for Windows, ver-
sion 19.0 (SPSS Inc., Chicago, IL, USA), was used to per-
form the statistical analyses. The threshold for statistical sig-
nificance was set at P < 0.05. Based on the enrolment rate 
of 100 students in one academic year and 3-year observation 
period to detect ACL injuries in the subjects, the study was 
estimated to include 300 subjects.

Results

The subjects had a mean age of 15 years at enrolment, 
and the height, weight, and body mass index were similar 
between the two groups (Table 1).

At contact of the hallux with the ground, the dynamic 
knee valgus distance was significantly greater in the injured 
group than in the control group (2.1 ± 2.4 vs. 0.4 ± 2.2 cm, 
P = 0.006; effect size: 0.74, power: 0.76). Similarly, at maxi-
mum knee valgus, the dynamic knee valgus distance was 
significantly greater in the injured group than in the control 
group (8.3 ± 4.3 vs. 5.1 ± 4.1 cm, P = 0.007; effect size: 
0.76, power: 0.78; Table 2).

Discussion

The most important finding of the present study was that 
dynamic knee valgus was significantly greater in young 
female athletes with subsequent non-contact ACL injury. 
Twenty-eight (9.6%) of the 291 subjects in the study expe-
rienced an ACL injury during the 3-year observation period. 

Fig. 1  Dynamic knee valgus distance was measured as the distance 
from the hallux to the point where the line connecting the centre of 
the patella and anterior superior iliac spine intersected with the floor. 
The midpoint between the medial and lateral femoral condyles was 
defined as the centre of the patella. ASIS anterior superior iliac spine, 
MFC medial femoral condyle, LFC lateral femoral condyle

Fig. 2  Frontal 2D images, a at contact of the hallux with the ground 
and b at maximum knee valgus

Table 1  Physical characteristics of the subjects in the injured and 
control groups

BMI body mass index, ns not significant (P ≥ 0.05)
Data are shown as mean ± standard deviation

Injured group Control group P value
(n = 27) (n = 27)

Age (years) 15.0 ± 0 15.0 ± 0 –
Height (cm) 161.2 ± 7.1 159.2 ± 5.8 ns
Weight (kg) 57.4 ± 7.2 54.3 ± 5.4 ns
BMI (kg/m2) 22.1 ± 1.5 21.4 ± 1.9 ns
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Twenty-five of these 28 subjects had non-contact ACL inju-
ries. The incidence and mechanisms of ACL injury observed 
in this cohort are similar to those reported in previous stud-
ies [16, 28, 32]. For example, 76 (15%) of 506 female profes-
sional basketball players reported an ACL injury during an 
8-year retrospective study [16]. ACL injury rates in female 
athletes are generally higher in collegiate and high school 
athletes compared to professional and elite athletes [16]. 
This difference is likely due to attrition, selection bias, and 
better training at the professional level.

In a prospective study of 205 female athletes, dynamic 
3D movement analysis revealed a significantly greater knee 
valgus angle during exercise in athletes with ACL injury 
compared to athletes without ACL injury [10]. Although the 
analysis of dynamic knee valgus appears to be very useful in 
assessing risk of ACL injury, the complexity of 3D move-
ment analysis in terms of the infrastructure and technique 
makes it inaccessible in general sports settings. The camera, 
motion capture systems, and data collection instruments nec-
essary for 3D movement analysis are expensive. Addition-
ally, 3D kinematic analysis requires complex data processing 
and programming skills that may not be available at most 
sports settings. Two-dimensional movement analysis can 
potentially overcome these limitations of 3D analysis. Our 
motivation in this study was therefore to simplify the test and 
analysis methods using a simple 2D kinematic analysis and 
a previously validated simple dynamic knee valgus distance 
measurement [12] to make them suitable for on-field use in 
low-resource sports settings.

The study showed that dynamic knee valgus was signifi-
cantly greater in the injured group compared to the control 
group, suggesting that dynamic knee valgus may be a risk 
factor for non-contact ACL injury. Previous studies using 
motion analysis have used the two-leg drop jump to calcu-
late normalized knee separation distance and hip separation 
distance as a measure of dynamic knee valgus [18]. Stud-
ies comparing bilateral and unilateral leg drop jumps have 
shown that the dynamic change in lower limb alignment is 
greater in the single-leg drop jump compared to bilateral-
leg drop jump [20]. Specifically, single-leg drop jump was 
associated with increased knee valgus, decreased knee 
flexion at initial contact, decreased peak knee flexion, and 
decreased relative hip adduction, and female subjects landed 
with increased knee valgus compared to male subjects [20]. 
A comparison of coronal- and sagittal-plane biomechanics 

during drop landings demonstrated that landing kinemat-
ics and kinetics differ between male and female athletes in 
the coronal plane but not in the sagittal plane [13]. Thus, 
through single-leg drop jumping and coronal 2D motion 
analysis, we were able to conduct motion analysis under the 
conditions best suited to detect kinematic differences in the 
study group.

The results of this study are also consistent with previous 
studies that used 3D motion analysis to investigate knee joint 
kinematics in non-contact ACL injuries [10, 14]. However, 
compared to technically complex and expensive 3D motion 
analysis setups, 2D motion analysis as performed in our 
study offers a more feasible and affordable alternative for 
dynamic motion analysis of athletes in general settings [7, 
17]. Indeed, knee valgus distance calculated from 2D motion 
analysis using a video camera was previously shown to be a 
reliable alternative to that determined by 3D motion analysis 
using  VICON® systems [12].

Taken together, these results indicate that greater knee 
valgus angle is a risk factor for non-contact ACL injury in 
female athletes. Further studies are required to understand 
fully the risk factors that increase dynamic knee valgus. For 
example, lower hip abductor peak torque [6, 11], but not hip 
muscle strength [29], has been shown to increase knee val-
gus. A more thorough understanding of these mechanisms 
will aid in the development of appropriate training and clini-
cal interventional strategies to prevent injuries in at-risk ath-
letes, improve outcomes, and lower costs [28].

This study has several limitations and scope for future 
work. First, a relatively low-resolution and low-speed video 
camera (30 frames per second) was used in the study. As 
a result, afterimages of the markers were observed in the 
extracted still images, making their localization difficult. 
Using a higher-resolution and high-speed video camera 
could increase the quality and number of still images and 
potentially allow for more accurate motion analysis. Sec-
ond, the mechanism of ACL injury (contact/non-contact) 
was recorded based on reporting by patients or other play-
ers, which could be a potential source of bias in this study. 
Finally, we did not compare the contralateral healthy leg in 
ACL-deficient subjects. There is the possibility of different 
kinematics in the unaffected legs of healthy individuals ver-
sus the pre-injured affected knee in ACL-deficient subjects, 
which may specifically predispose one knee to non-contact 
ACL injury. However, understanding such risk factors will 

Table 2  Dynamic knee valgus 
distance (cm) in the injured and 
control groups

Data are shown as mean ± standard deviation

Dynamic knee valgus distance Injured group Control group P value
(n = 27) (n = 27)

At contact of the hallux with the ground 2.1 ± 2.4 0.4 ± 2.2 0.006
At maximum knee valgus 8.3 ± 4.3 5.1 ± 4.1 0.007
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require a more controlled study in which the injury mecha-
nism is accurately characterized in all subjects.

Conclusion

This study shows that 2D motion analysis is a feasible and 
affordable modality for dynamic motion analysis of athletes. 
Dynamic knee valgus measured using 2D motion analysis 
was shown to be a potential risk factor for non-contact ACL 
injury in young female athletes. The results of this study 
will help in fully understanding the risk factors that increase 
dynamic knee valgus and help design more appropriate 
training and interventional strategies to prevent injuries in 
at-risk athletes.
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