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Abstract
Background: Lateral trunk obliquity during landing is one of the characteristics of anterior cruciate
ligament (ACL) injuries in female athletes. Knee biomechanics during landing with lateral trunk obliquity
may be different between female and male subjects. The purpose of the present study was to compare
kinetics and kinematics in female subjects during landing with lateral trunk obliquity with those in male
subjects.

Methods: Fifteen female (age 22.0 ± 1.6 years) and 15 male subjects (age 21.7 ± 1.1 years) participated
in this study. The subjects performed a single-leg landing from a 30-cm-high box. Subjects were
instructed to keep inclining their trunk to landing leg side at 15° from vertical line. Kinetics and kinematics
of their hip and knee joints were analyzed using a three-dimensional motion analysis system with a force
plate and compared between female and male subjects.

Results: There were no signi�cant differences in the angle of the laterally inclined trunk at initial contact
(IC) and at the time of peak vertical ground reaction force (VGRF) (P = 0.341, 0.363). The peak VGRF was
smaller in female subjects than male subjects (P = 0.047). Hip adduction moment at the time of peak
VGRF was signi�cantly larger in female subjects than male subjects (P = 0.042). Hip external rotation of
female subjects at IC was signi�cantly larger than that of male subjects (P = 0.012). There were no
differences in knee moments or kinematics between female and male subjects.

Conclusions: The �ndings of the present study indicated that female athletes are considered to avoid
excessive knee abduction moment during landing with lateral trunk obliquity by kinematic and kinetic
changes in their hip joint. Therefore, sports-medicine specialists should take more notice of kinematics
and kinetic behaviors around hip joint in order to prevent noncontact ACL injuries for female athletes.

Background
Anterior cruciate ligament (ACL) injury is a severe sports injury. Approximately 70% of ACL injuries occur
in non-contact situations including cutting, pivoting or single-leg landing [1]. Female athletes have greater
risk of ACL injury than male athletes [2]. The overall numbers of ACL injuries in female athletes remains
higher than male athletes over a decade [2]. Knee abduction moment and abduction motion during a
landing predicted primary and secondary ACL injuries [3, 4]. Large knee abduction moment cause high
ACL strain as well as anterior tibial translation during cadaveric single-leg landing simulations [5–7].
Therefore, jump-landing training to prevent ACL injury in female athletes have focused on reducing knee
abduction moment [8]. However, female athletes do not always demonstrate larger knee abduction
moment than male athletes during controlled landing task [9–12]. It is important to understand which
task lead to gender-based differences in knee abduction moment since jump-landing training should be
focused on landing tasks that derives large knee abduction moment in female athletes.

Lateral trunk obliquity toward a landing leg is considered to increase knee abduction moment by shifting
center of mass [13–16]. Lateral trunk obliquity toward a landing leg increased knee abduction angle [17].
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On the other hand, the landing instruction to keep trunk vertically in frontal plane decreased the peak knee
abduction moment during a single-leg landing [18]. In addition, video analysis study showed that female
athletes demonstrated lateral trunk obliquity toward a landing leg at ACL injuries, whereas male athletes
did not [19]. Therefore, we hypothesized that the effect of lateral trunk obliquity on knee abduction
moment in female subjects may be different from that of male subjects. Poor neuromuscular control of
trunk was a signi�cant predictor of ACL injury for female athletes but not for male athletes [20]. The
purpose of the present study was to compare landing biomechanics during a single-leg landing with
lateral trunk obliquity between female and male subjects.

Methods

Subjects
Thirty healthy subjects including 15 female subjects (age 22.0 ± 1.6 years, height 157.4 ± 5.9 cm, weight
52.4 ± 4.9 kg) and 15 male subjects (age 21.7 ± 1.1 years, height 172.9 ± 5.2 cm, weight 63.8 ± 4.8 kg)
participated in the present study. All subjects had experiences with regular sports activities. Subjects were
excluded from this study if they reported any history of musculoskeletal injuries within the previous 6
months. This study was performed in accordance with the Declaration of Helsinki. All subjects read and
signed informed consent forms before their inclusion in this study. The present study was approved by
the review board of our institute.

Procedures and data correction
Biomechanical data were collected from the right legs of all subjects. Static standing was recorded to
perform scaling of each subject and to de�ne zero-reference position. Then, subjects performed a single-
leg landing task with leaning trunk laterally. Subjects stood with right leg on the 30-cm-high box and they
inclined their trunk to right at 15° (Fig. 1). The angle of the laterally inclined trunk was measured using
standard plastic goniometer. The angle of laterally inclined trunk was decided based on the data of a
previous study of video-analysis of ACL injuries [19]. They were ordered to drop off the box and landed
with right leg on a force plate (Type 9286, Kistler AG, Winterthur, Switzerland) with keeping inclination of
their trunk. During the landing task, subjects placed their hands on their iliac crests. Subjects were
allowed to practice until they felt familiar with landing task. Three successive trials were recorded. A
successive trial was de�ned as being able to stand still for at least 3 seconds after landing.

All data were recorded with Coretex 5.0.1 (Motion Analysis Corp., Santa Rosa, CA, USA) using a motion
analysis system with six high-speed cameras (Hawk cameras, Motion Analysis Corp.) and the force plate.
A total of 41 retrore�ective markers were placed on the spinous process of C7 and Th10, sacrum, right
iliac crest and medial knee, as well as left and right of shoulders, anterosuperior iliac spine, greater
trochanter, hips, lateral knees, medial and lateral malleoli, heels, and second and �fth metatarsal heads,
and cluster markers were placed on right thigh and shank [9]. Marker coordinate data and force data were
sampled at 200 Hz and 1,000 Hz.
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Data processing and reduction
The kinematics of knee and hip joint were calculated using a joint coordinate system with the SIMM 6.0.2
software (MusculoGraphics, Santa Rosa, CA, USA). Zero-references were set at knee and hip angles
during the static standing trial. In addition, the angle of a laterally inclined trunk was calculated using a
custom MATLAB program (MathWorks, Inc., Natick, MA, USA). The angle of a laterally inclined trunk was
de�ned as being formed by the line between the markers of C7 and Th10 and the vertical line on frontal
plane [21]. External moments of knee and hip joints were calculated using the inverse dynamics
technique with the SIMM software. Initial contact (IC) to the ground was de�ned as when the vertical
ground reaction force (VGRF) exceeded 10 N [22]. Knee and hip joint angles at IC were derived since the
instruction was given to keep inclination of their trunk by IC. In addition, knee and hip joint angles and
moments at the time of peak VGRF were derived because ACL injuries would occur at the time of peak
VGRF [23]. Positive joint angles were indicated knee �exion, knee abduction, knee internal rotation, hip
�exion, hip adduction, hip internal rotation and lateral trunk lean toward landing leg. Positive external
moments were indicated knee �exion, knee abduction, knee internal rotation, hip �exion, hip adduction,
hip internal rotation. All kinetics variables were normalized to subject’s body weight.

Statistical analysis
Independent t-test was conducted to compare knee and hip kinetics and kinematics between female and
male subjects using IBM SPSS Statistics 22 (IBM, Armonk, NY, USA). The statistical signi�cance was set
at P < 0.05. In addition, Cohen’s d was calculated as an effect size. The Cohen’s d was interpreted as
follows: d > 0.80 large, 0.80 > d > 0.50 medium, and 0.50 > d > 0.20 small [24].

Results
The laterally inclined angle of the trunk at IC was 14.8° for female subjects and 16.1° for male subjects;
that at the time of peak VGRF was 13.9° for female subjects and 15.1° for male subjects. There was no
signi�cant difference in the inclined angle at IC or at the time of peak VGRF between female and male
subjects (at IC: P = 0.363, d = 0.34; at the time of peak VGRF: P = 0.341, d = 0.35) (Fig. 2). Female subjects
demonstrated signi�cantly smaller peak VGRF than male subjects with a medium effect size (female:
39.8 ± 6.8 N/kg, male: 45.0 ± 6.5 N/kg, P = 0.047, d = 0.76) (Fig. 3). Female subjects showed signi�cantly
larger hip adduction moment than male subjects with a medium effect size (P = 0.042, d = 0.78) (Fig. 4a),
while signi�cant difference in knee abduction moment at the time of peak VGRF was not found between
female and male subjects (P = 0.193, d = 0.49) (Fig. 4b). There were no other signi�cant differences in
knee moments or hip moments at the time of peak VGRF (Table 1).

Female subjects landed with larger hip external rotation angle at IC than male subjects with a large effect
size (P = 0.012, d = 1.15) (Table 2). However, there were no other signi�cant differences in knee joint angle
or hip joint angle at IC or at the time of peak VGRF between female and male subjects (Table 2).
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Table 1
Comparison of hip and knee joint moments (Nm/kg) at peak vertical ground

reaction force.

  Female

(n = 15)

Male

(n = 15)

P value Cohen’s d

Hip �exion moment 1.5 (0.4) 1.8 (0.5) 0.116 0.59

Hip adduction moment 0.6 (0.2) 0.4 (0.2) 0.042 0.78

Hip internal rotation moment 0.1 (0.2) 0.1 (0.2) 0.622 0.18

Knee �exion moment 0.5 (0.4) 0.4 (0.6) 0.663 0.16

Knee abduction moment -0.1 (0.2) -0.2 (0.2) 0.193 0.49

Knee internal rotation moment 0.2 (0.2) 0.3 (0.2) 0.119 0.59

Mean (SD), Moments were normalized to body weight (Nm/kg).
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Table 2
Comparison of knee and hip joint angles (degree).

  Female

(n = 15)

Male

(n = 15)

P value Cohen’s d

At initial contact        

Hip �exion angle 17.0 (4.0) 16.4 (4.9) 0.743 0.12

Hip adduction angle − 12.3
(5.7)

− 10.9 (4.4) 0.489 0.26

Hip internal rotation angle − 5.6 (3.2) − 1.4 (4.7) 0.012 1.15

Knee �exion angle 15.4 (6.5) 15.1 (6.0) 0.910 0.04

Knee abduction angle -0.5 (1.9) -1.1 (2.0) 0.431 0.48

Knee internal rotation angle − 2.5 (4.1) − 3.9 (6.9) 0.509 0.24

At the time of peak vertical ground reaction
force

       

Hip �exion angle 21.8 (4.9) 18.6 (5.5) 0.107 0.61

Hip adduction angle − 8.6 (6.5) − 10.0 (6.2) 0.566 0.21

Hip internal rotation angle − 3.6 (4.6) − 0.9 (4.4) 0.114 0.60

Knee �exion angle 33.8 (8.7) 33.1 (7.1) 0.807 0.09

Knee abduction angle 2.2 (2.7) 1.2 (3.9) 0.416 0.30

Knee internal rotation angle 5.9 (3.8) 5.3 (5.5) 0.722 0.13

Mean (SD)

Discussion
The purpose of the present study was to investigate gender-based differences in knee and hip kinetics
and kinematics during a single-leg landing with a lateral trunk obliquity. The results of this study showed
that female subjects demonstrated larger hip adduction moment at the time of peak VGRF than male
subjects whereas female subjects landed with smaller peak VGRF compared with male subjects. In
addition, female subjects showed larger hip external rotation angle at IC than male subjects. However, we
failed to �nd any gender-based differences in knee kinetics and kinematics including knee abduction
moment.

In the present study, the angle of the laterally inclined trunk was set at 15° before dropping off the box to
investigate gender-based differences in knee and hip kinetics and kinematics during a landing with lateral
trunk obliquity. Female and male subjects showed 14.8° and 16.1° of lateral trunk obliquity at IC and



Page 7/13

there were no gender-based differences in the angle of laterally inclined trunk at IC or peak VGRF.
Therefore, the landing task with lateral trunk obliquity was properly conducted to compare knee and hip
kinetics and kinematics between female and male subjects.

It was hypothesized that female subjects would show larger knee abduction angle and moment
compared to male subjects during landing with lateral trunk obliquity. This was motivated by the fact that
larger knee abduction angle and moment increased by the lateral trunk obliquity was a proposed female
speci�c ACL injury mechanism [13, 17, 25]. However, we failed to �nd gender-based differences in knee
kinetic or kinematics. Instead, female subjects showed larger hip external rotation angle at IC than male
subjects as similar to previous studies [26, 27]. Since hip internal rotation is a part of dynamic knee
valgus motion and associated with larger knee abduction moment [4, 28], increased hip external rotation
would diminish dynamic knee valgus motion and knee abduction moment. Therefore, female subjects
might attempt to reduce knee abduction moment and dynamic knee valgus motion by a increasing hip
external rotation angle.

In the present study, female subjects showed larger hip adduction moment at the time of peak VGRF
compared with male subjects. Larger hip adduction moment would be associated with higher activity of
hip abductor muscles and smaller co-contraction with hip adductor muscles [13, 14, 29]. A recent study
has shown that larger hip abductor force was associated with smaller knee abduction moment during
landing [30]. Therefore, there is a possibility that female subjects might adapt to reduce knee abduction
moment during landing with lateral trunk obliquity by increasing hip external rotation angle and hip
adduction moment. Large VGRF is also one of the risk factors of ACL injury and it is associated with
large knee abduction moment during a landing, especially with lateral trunk obliquity toward a landing leg
[3, 13, 23, 30]. Therefore, female subjects might adapt to reduce the peak VGRF during landing with lateral
trunk obliquity by decrease in the peak VGRF as well as hip joint adaptations.

Concerning clinical relevance, the �ndings of the present study indicated that female athletes are
considered to avoid excessive knee abduction moment during landing with lateral trunk obliquity by
kinematic and kinetic changes in their hip joint. Therefore, sports-medicine specialists should take more
notice of strength and motions around the hip joint in order to prevent noncontact ACL injuries for female
athletes.

Some limitations should be acknowledged. First, the lateral trunk obliquity in the present study was
intentional, and the landing was conducted in a well-controlled condition. In actual sports situations, the
effect of lateral trunk obliquity on knee kinetics and kinematics may be different between female and
male athletes. Second, we did not measure any muscle activities although we expected that the hip
abductor activity would be larger in the female subjects than the male subjects based on the gender
difference in the hip adduction moment. Future study should be conducted to evaluate gender differences
in muscle activities to reveal the mechanism of hip adaptation. Third, the ACL strain or the load was not
measured in the present study. In addition, it is unclear whether gender differences in hip kinetics and
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kinematics are related to the decrease or increase of the risk of ACL injury because the present study was
a cross-sectional design.

Conclusions
Female subjects demonstrated larger hip adduction moment at the time of peak VGRF, larger hip external
rotation angle at IC, and smaller peak VGRF during the landing with lateral trunk obliquity compared to
male subjects, whereas there were no signi�cant differences in knee kinetics and kinematics. These
�ndings indicated that female athletes are considered to avoid excessive knee abduction moment during
landing with lateral trunk obliquity by kinematic and kinetic changes in their hip joint.

Abbreviations
ACL
anterior cruciate ligament; IC:initial contact; VGRF:vertical ground reaction force
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Figures

Figure 1

Drop landing task Subjects stand on a box and incline their trunk toward a landing leg at 15°(a) and then
land on a force plate with same side of landing leg and with keeping lateral trunk obliquity (b).
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Figure 2

Comparison of laterally inclined angle of the trunk toward a landing leg. IC: initial contact; VGRF: vertical
ground reaction force
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Figure 3

Comparison of peak vertical ground reaction force (VGRF) between female and male subjects. VGRF was
normalized to body weight.

Figure 4

Comparison of external hip adduction and knee abduction moments at peak vertical ground reaction
force. Moments were normalized to body weight.


