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Larger hip external rotation motion is associated with larger knee

abduction and internal rotation motions during a drop vertical jump

Abstract

Associations among hip motions, knee abduction and internal rotation motion during a drop
vertical jump (DVJ), which increases the risk of anterior cruciate ligament (ACL) injury,
remain unclear. The purpose of this study was to examine associations among knee abduction,
internal rotation and hip joint motions during a DVJ. Fifty-seven young female participants
performed a DVJ from a 30-cm height. Hip and knee kinematics and kinetics were analysed
using a three-dimensional motion analysis system and force plates. Multiple regression analysis
showed that peak knee abduction angle was negatively associated with knee internal rotation
and hip internal rotation excursions from initial contact (IC) to peak knee flexion, and
positively associated with peak knee abduction moment (R? = 0.465, P < 0.001). Peak knee
internal rotation angle was negatively associated with the hip flexion excursion from IC to peak
knee flexion and peak hip adduction moment (R>= 0.194, P = 0.001). In addition, hip internal
rotation excursion was negatively associated with knee abduction and internal rotation
excursion from IC to 50 ms after IC. To avoid a large knee abduction and internal rotation
motion during jump-landing training, it might be beneficial to provide landing instructions to

avoid a large hip external rotation motion.

Keywords: anterior cruciate ligament (ACL); prevention; knee valgus; hip kinematics; landing
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Introduction

Anterior cruciate ligament (ACL) injuries are severe sports injuries. Individuals
cannot return to sports for more than 6 months after ACL reconstruction (Barber-Westin &
Noyes, 2011). Furthermore, only two-thirds of athletes who underwent ACL reconstruction
returned to their preinjury level of sports after surgery, and one-fifth of athletes suffered a
second ACL injury after returning to sports (Ardern et al., 2014; Wiggins et al., 2016). Female
athletes are more likely to sustain primary and secondary ACL injuries than male athletes (Agel
et al., 2016; Paterno et al., 2017). Although some prevention programmes targeting female
athletes have shown preventive effects (LaBella et al., 2011; Omi et al., 2018; Waldén et al.,
2012), the overall number of ACL injuries among female athletes has not decreased (Agel et
al., 2016). Therefore, prevention programmes and rehabilitation after ACL reconstruction for
female athletes should be improved to reduce the risk of ACL injury in female athletes.

Most ACL injuries occur during noncontact deceleration, and jump landing is one of
the most frequent situations leading to injury (Shimokochi & Shultz, 2008). In cadaveric
landing simulations, high external knee abduction moments induced high ACL strains (Bates
et al., 2019; Kiapour et al., 2016; Navacchia et al., 2019; Ueno, Navacchia, Bates, et al., 2020).
A large knee abduction moment is a key mechanism of ACL injuries occurring during simulated
landing (Navacchia et al., 2019; Ueno, Navacchia, Bates, et al., 2020). A previously proposed
ACL injury mechanism is compression on the lateral compartment of the knee with knee
abduction due to a large knee abduction moment, inducing anterior tibial translation and knee
internal rotation due to the posterior slope of the tibia (Koga et al., 2010; Matsumoto, 1990,
Navacchia et al., 2019; Ueno, Navacchia, Bates, et al., 2020). In fact, in noncontact ACL
injuries, rapid knee abduction motion and knee internal rotation with relatively low knee
flexion angle occurred immediately after initial contact (IC) with the ground (Koga et al., 2010).

In addition, the peak knee abduction angle and knee abduction excursion during the first
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landing in a drop vertical jump predicted primary and secondary ACL injuries in female athletes
(Hewett et al., 2005; Paterno et al., 2010). A small knee flexion angle during a drop vertical
jump was also a risk factor for ACL injury (Hewett et al., 2005; Leppdnen et al., 2017).
Therefore, a large knee abduction and internal rotation motion and a small knee flexion angle,
as well as a large knee abduction and knee internal rotation moment, should be avoided to
reduce the risk of ACL injury (Bates et al., 2019; Hewett et al., 2005; Kiapour et al., 2016;
Koga et al., 2010; Leppénen et al., 2017; Navacchia et al., 2019; Paterno et al., 2010; Ueno,
Navacchia, Bates, et al., 2020).

Previous researchers have suggested that hip and ankle motions during landing are
important for reducing the risk of ACL injury because knee kinematics are affected by adjacent
joints due to the kinematic chain (Hewett et al., 2005; Hogg et al., 2019; Howard et al., 2011;
Ishida et al., 2015; Malloy et al., 2015, 2016; Nguyen et al., 2015; Paterno et al., 2010; Ueno,
Navacchia, DiCesare, et al., 2020). Recent studies have shown that limited hip motions are
indicated as risk factors for ACL injuries (Beaulieu et al., 2014; Bedi et al., 2016; Koga et al.,
2018). In previous in vitro studies, models with restricted femoral internal rotation
demonstrated larger ACL strain during simulated landing than models without restricted femur
motion (Beaulieu et al., 2014; Bedi et al., 2016). Furthermore, the restriction of femoral internal
rotation increased the magnitude of anterior tibial translation during simulated landing
(Beaulieu et al., 2015). Moreover, a video analysis showed that the hip internal rotation angle,
as well as the hip flexion and adduction angles, did not change during the early landing phase
of jumps leading to ACL injuries (Koga et al., 2018). These studies indicated that smaller hip
motions during landing might increase the risk of ACL injuries (Beaulieu et al., 2014, 2015;
Bedi et al., 2016; Koga et al., 2018). However, the application of these in vitro findings may
be limited because hip internal rotation was restricted by a hard stop, such as femoroacetabular

impingement, in these in vitro studies (Beaulieu et al., 2014, 2015; Bedi et al., 2016). During
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in vivo landing, the peak knee abduction angle was associated with the peak hip adduction
angle but not the peak hip internal rotation angle (Hogg et al., 2019). On the other hand, another
recent study has shown that the knee abduction and internal rotation angle was increased with
ipsilateral trunk rotation to the knee during a double leg landing, and the authors suggested that
femur external rotation is a possible mechanism underlying these findings (Critchley et al.,
2020). The relationships between hip and knee joint motions during in vivo landing remains
uncertain. In addition, which knee and hip joint motions and moments have the largest effect
on the peak knee joint angles and excursions including abduction, internal rotation and flexion,
it is unknown. Understanding the associations among knee and hip joint motions and external
joint moment during a drop vertical jump, could help improve jump-landing training and
optimise hip joint motions, thereby reducing the peak knee abduction and internal rotation
angle and increasing the peak knee flexion angle.

The purpose of the present study was to examine the association of the peak knee joint
angles (knee abduction, internal rotation and flexion) with hip joint motions and the external
moment of the knee and hip joints during the first landing in a drop vertical jump. In addition,
the associations of knee joint angle excursions (knee abduction, internal rotation and flexion)
with hip flexion, adduction and internal rotation excursions were examined to identify the
kinematic relationships. The hypotheses were that a larger peak angle and excursion for knee
abduction and internal rotation and a smaller peak angle and excursion for knee flexion are
associated with smaller hip internal rotation excursion or larger hip external rotation, as well

as smaller hip adduction and flexion excursions.

Methods
Participants

Based on a previous study (Hogg et al., 2019), a medium effect size was estimated for an
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independent variable. To achieve a significance level (a), statistical power (1 - £) and effect
size () 0of 0.05, 0.8 and 0.15 in the regression model, respectively, 55 participants were needed.
Considering the possibility of data deficiency, 57 healthy female participants (mean + SD: age
21.1 £ 1.3 years, height 160.6 £ 6.5 cm, mass 52.9 + 6.9 kg) participated in this study.
Individuals were excluded if they reported a history of musculoskeletal injuries or disorders
within the last 6 months, severe injuries of the lower extremities or trunk, knee injuries, or
participation in an ACL injury prevention programme. All participants had experience with
regular sports, such as basketball, handball or soccer. The right leg was tested and analysed
because the dominant side of all participants was the right side. The dominant leg was defined
as the side preferable for kicking a ball. Prior to participation, the participants were provided
information regarding this study and were required to sign informed consent forms. The present
study was approved by the review board of the Faculty of Health Sciences, Hokkaido

University (11-55).

Procedures and data collection
The participants warmed up on a stationary bicycle for 5 min and then performed a standardised
static standing trial, followed by landing trials. A drop vertical jump task was used to evaluate
the landing kinematics. The participants were instructed to drop from a 30-cm-high box and
then land on two force plates (Type 9286, Kistler AG, Winterthur, Switzerland) with one foot
on each plate and perform a maximum vertical jump immediately thereafter. Practice trials
were permitted to allow the participants to become familiar with the landing task. Three
successful trials of drop vertical jumps were collected.

Synchronised marker coordinates and force data were recorded using EVaRT 4.4
(Motion Analysis Corp., Santa Rosa, CA, USA) with six digital cameras (Hawk cameras,

Motion Analysis Corp.) and the force plates. The two force plates were positioned 5.5 cm apart
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and 10 cm in front of the box to land on a different force plate with each foot (Ishida et al.,
2015; Nguyen et al., 2015). The sampling rate was 200 Hz for the marker coordinate data and
1,000 Hz for the force plate data. In total, 39 retroreflective markers were placed on the bony
landmarks of the pelvis and lower extremities (the sacrum, right iliac crest and medial knee,
both shoulders, anterosuperior iliac spines (ASIS), greater trochanters, lateral knees, medial
and lateral ankles, heels, and second and fifth metatarsal heads), and 10 and 6 cluster markers

were placed on the right thigh and shank, respectively.

Data processing and reduction

The first landing in the drop vertical jump task was analysed because the knee abduction angle
and moment during the first landing have been shown to predict ACL injuries (Hewett et al.,
2005; Paterno et al., 2010). In addition, the first landing yielded larger knee abduction motion
and moment than the second landing and a drop landing without a subsequent jump (Bates et
al., 2013; Ishida et al., 2018). Three-dimensional knee and hip kinematics were estimated using
a rigid-body skeletal model with a joint coordinate system using SIMM 6.0.2 software
(MusculoGraphics Inc., Santa Rosa, CA, USA) (Delp et al., 1990). The marker trajectory data
were low-pass filtered using a fourth order Butterworth filter with a 12-Hz cutoff frequency.
The ground reaction force data were low-pass filtered using a generalised cross validation
spline with a 25-Hz cutoff frequency. The joint angles were calculated using the Cardan
sequence (flexion/extension, abduction/adduction, and then internal/external rotation), and
those during the static standing trial were set to zero and served as references for the drop
vertical jump trials. The positive angles indicate knee flexion, abduction and internal rotation;
and hip flexion, adduction and internal rotation. The analysed landing phase was defined as the
phase from the initial contact (IC) to the peak knee flexion. IC was defined as when the vertical

ground reaction force first exceeded 10 N (Ford et al., 2007). The peak knee flexion, abduction
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and internal rotation angles during the landing phase were derived. Angular excursions of the
knee and hip joints were calculated from IC to 50 ms after IC. This time range was chosen for
the analysis since it is the time range during which ACL injuries have been shown to occur
(Koga et al., 2010; Ueno, Navacchia, Bates, et al., 2020). In addition, angular excursions of the
knee and hip joints from IC to peak knee flexion were calculated to examine the association
between the peak knee joint angles (flexion, abduction and internal rotation) and knee and hip
joint motion during the landing phase. The external moments at the joints were also estimated
using inverse dynamics with SIMM software. The segment inertial parameters were selected
based on a previous report (de Leva, 1996). The peak moments of the knee and hip joints were
derived and normalised to the body mass and height (Nm/kg/m). The positive moments indicate

knee flexion, abduction and internal rotation; and hip flexion, adduction and internal rotation.

Statistical analysis

A stepwise multiple regression analysis was conducted to determine which kinetic and
kinematic variables of the hip and knee joints predict the peak knee flexion, abduction and
internal rotation angles and the excursion of knee flexion, abduction and internal rotation
excursions from IC to 50 ms after IC. The independent variables were the excursions of the
knee and hip joints from IC to peak knee flexion or 50 ms after IC, the peak external moments
of the knee and hip joints, and the peak vertical ground reaction force. The criterion for a
dependent variable to be included was P < 0.05, and the criterion to exclude a dependent
variable was P > 0.10. The statistical analyses were performed using the IBM SPSS Statistics
22 software program (IBM Corporation, Armonk, NY, USA). and the level of significance was

set to P <0.05.

Results
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The knee flexion angle increased from 23.9 + 6.7° at IC to 51.9 + 5.8° at 50 ms after IC and
83.0 £ 10.9° at the peak (Fig. 1A). The hip flexion, hip adduction and knee abduction angles
showed an increasing tendency from IC to the peak knee flexion (Fig. 1B, D and E). In contrast,
the knee internal rotation angle reached its peak at 50.6 = 16.7 ms after IC, and then the knee
rotated externally (Fig. 1C). Regarding the hip rotation motion, the average curve displayed
small external rotation motion because two motion patterns were observed among the
participants (Fig. 1F). Twenty-five participants demonstrated hip internal rotation motion
(increased internal rotation or decreased external rotation), while the other 32 participants
demonstrated hip external rotation motion (Fig. 2).

The multiple regression analysis revealed that the knee internal rotation and hip
internal rotation from IC to peak knee flexion and the peak knee abduction moment predicted
the peak knee abduction angle (R’ = 0.465, P < 0.001) (Table 1). Negative associations were
found with the knee internal rotation excursion and hip internal rotation excursion (Fig. 3A),
while a positive association was found with the peak knee abduction moment. From IC to 50
ms after IC, the hip internal rotation excursion, knee internal rotation excursion and the peak
knee abduction moment predicted the knee abduction excursion (R? =0.292, P <0.001) (Table
2). The peak knee abduction moment was positively associated, while the hip internal rotation
excursion (Fig. 4A) and knee internal rotation excursion were negatively associated with the
knee abduction excursion from IC to 50 ms after IC.

The peak knee internal rotation angle was predicted by the hip flexion excursion from
IC to peak knee flexion and the peak hip adduction moment (R’ = 0.194, P = 0.003) (Table 1).
Negative associations were found with the hip flexion excursion (Fig. 3B) and peak hip
adduction moment. The knee internal rotation excursion from IC to 50 ms after IC was
predicted by the hip internal rotation and knee abduction excursions from IC to 50 ms after IC

and the peak knee flexion moment (R’ = 0.302, P < 0.001) (Table 2). Negative associations
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were found with the hip internal rotation excursion (Fig. 4B) and knee abduction excursion.
The hip flexion excursion from IC to peak knee flexion and the peak vertical ground
reaction force were included in the regression model of the peak knee flexion angle (R° = 0.636,
P <0.001) (Table 1). The hip flexion excursion was positively associated with the knee flexion
excursion, while the peak vertical ground reaction force was negatively associated with the
knee flexion excursion. The knee flexion excursion from IC to 50 ms after IC was explained
by the hip flexion excursion from IC to 50 ms after IC and the peak knee abduction moment

(R?=0.641, P < 0.001) (Table 2).

Discussion and implications
The purpose of the present study was to identify the associations of the peak knee joint angles
and excursions (knee abduction, internal rotation and flexion) with hip joint motions and
external moments of the knee and hip joints during the first landing in a drop vertical jump task.
A main finding of the present study is that a smaller hip internal or a larger hip external rotation
excursion from IC to peak knee flexion was associated with a larger peak knee abduction angle.
A smaller internal or a larger external hip rotation excursion was also associated with a larger
knee abduction and internal rotation excursion during the 50 ms after IC. In addition, a smaller
hip flexion excursion was associated with a smaller peak knee flexion and a larger peak knee
internal rotation angle. These findings partially support the a priori hypothesis that a smaller
hip internal rotation excursion or a larger hip external rotation, as well as smaller hip adduction
and flexion excursions are associated with larger peak angles and excursions for knee abduction
and internal rotation and a smaller peak angle and excursion for knee flexion.

The present study showed that hip internal rotation excursion was a predictor in the
regression models that predicted the peak knee abduction angle, the knee abduction excursion,

and the knee internal rotation excursion from IC to 50 ms after IC. A smaller internal or a larger
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external hip rotation motion was associated with a larger peak knee abduction angle and a larger
knee abduction excursion from IC to 50 ms after IC. Even among the participants with larger
knee abduction moments, the peak knee abduction angle and the knee abduction excursion
tended to be smaller when the participants showed hip internal rotation patterns or smaller hip
external rotation excursions. Previous studies reported that a larger femoral anteversion was
associated with a larger knee abduction excursion during single-leg and double-leg landings
(Howard et al., 2011; Nguyen et al., 2015). Although these studies suggested the possibility
that a large hip internal rotation motion could be associated with a large knee abduction during
single-leg and double-leg landings, the present study showed that the kinematic relationship
between knee abduction and hip rotation motion during a double-leg landing was the opposite.
On the other hand, another study showed that a large knee abduction angle was associated with
a large hip adduction angle but not a hip internal rotation angle during a single-leg landing
(Hogg et al., 2019). Therefore, the kinematic relationship between the knee and hip may differ
between double-leg and single-leg landings. When the external knee abduction moment is
applied, knee abduction motion accompanied by hip internal rotation might be the natural
kinematic relationship, which is known as the dynamic valgus alignment of the lower extremity
(Hewett etal., 2010; Olson et al., 2011). Although hip internal rotation motion can be associated
with lower extremity dynamic valgus alignment (Hewett et al., 2010; Olson et al., 2011), the
results of the present study showed that a large hip internal rotation was not associated with a
large knee abduction during a landing. When the medial tilt of the tibia occurs with the hip
internal rotation at the knee flexed position with the foot in contact with the ground, the motion
directions of both the tibia and femur could face the same direction, and knee abduction might
be diminished (Fig. 5A). In contrast, hip external rotation motion would cause the femur to
face the opposite direction to the medial tilt of the tibia and could increase knee abduction

motion (Fig. 5B). Ipsilateral trunk rotation motion to the knee, which could be associated with
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femur external rotation, increased the knee abduction angle during a double leg landing
(Critchley et al., 2020), which is consistent with the present findings. However, the lack of a
cause-effect relationship is acknowledged in the present study. Additional studies are necessary
to examine the effect of instruction to avoid a large hip external rotation motion on knee
abduction motion during a double-leg landing.

A smaller internal or larger external hip rotation excursion was also associated with a
larger knee internal excursion during the 50 ms after IC. Previous in vitro studies have shown
that a restriction of the hip internal rotation increases the ACL strain compared to no restrictions
due to increases in anterior tibial translation and knee internal rotation in a simulated landing
task (Beaulieu et al., 2014, 2015; Bedi et al., 2016). Although hip internal rotation was
restricted by a hard stop, such as bony impingement, in these in vitro studies, the present in
vivo study supports the previous hypothesis that hip internal rotation can decrease knee internal
rotation during the early landing phase (Beaulieu et al., 2014; Bedi et al., 2016). In addition,
ipsilateral trunk rotation, which could be associated with the femur external rotation to the
pelvis, increased the knee internal rotation angle during a double-leg landing (Critchley et al.,
2020). The present findings also suggest the possibility that hip external rotation motion might
increase knee internal rotation during a landing, although the cause-effect relationship between
hip rotation and knee rotation motion is uncertain based on the present study. Further studies
are necessary to reveal the mechanism underlying these kinematic relationships.

A smaller hip flexion excursion was associated with a larger peak knee internal
rotation and a smaller peak knee flexion angle and knee flexion excursion from IC to 50 ms
after IC. These associations seem to be similar to previous video analysis studies that showed
a rapid knee internal rotation immediately after landing in cases of ACL injury (Koga et al.,
2010), while the hip flexion angle did not change (Koga et al., 2018). A smaller total of hip

flexion and knee flexion during landing was associated with a larger knee abduction angle and
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moment during a drop vertical jump (Pollard et al., 2010). A landing pattern that relies on
passive restraints to decelerate the body centre of mass, instead of knee and hip flexion, is
referred to as the ‘ligament dominance’ strategy, which is considered indicative of poor
neuromuscular control associated with ACL injury (Pollard et al., 2010). Although the
mechanism underlying the relationship between the peak knee internal rotation angle and hip
flexion excursion was not found in this study, the present findings could indicate a ‘ligament
dominance’ strategy in female participants. A small peak knee flexion angle during a drop
vertical jump was also reported to be a risk factor of ACL injury (Hewett et al., 2005; Leppdnen
et al., 2017). Small knee flexion angles are associated with high ACL strain (Markolf et al.,
1995). Therefore, the hip flexion motion would be important in relation to knee flexion motion.
The regression analysis showed that the hip internal rotation excursion was negatively
associated with the peak knee abduction angle, the knee abduction excursion, and knee internal
rotation excursion from IC to 50 ms. Hence, the regression analysis also showed that the knee
internal rotation excursion from IC to peak knee flexion was negatively associated with the
peak knee abduction angle and that the knee internal rotation excursion was negatively
associated with the knee abduction excursion from IC to 50 ms after IC. These results initially
seem contradictory but are not surprising because the regression model includes adjustments
for other variables, such as hip internal rotation excursion. Among healthy participants in the
quasi-static lunge position, dynamic knee valgus alignment was associated with increasing
knee abduction and external rotation angles (Ishida et al., 2014). The coupling of knee
abduction with knee internal rotation was one of the occurring mechanisms of ACL injuries
(Koga et al., 2010; Matsumoto, 1990; Navacchia et al., 2019; Ueno, Navacchia, Bates, et al.,
2020). Therefore, the negative association between knee abduction and knee internal rotation
observed in the present in vivo study could be a natural motion pattern to avoid ACL injury.

Concerning its application, the present study showed that hip internal rotation motion,
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rather than external rotation, was associated with a smaller peak knee abduction angle and
smaller excursion to knee abduction and internal rotation during the early landing phase in a
drop vertical jump task. To reduce knee abduction and internal rotation motion in jump-landing
training, it might be beneficial to provide instructions to avoid a large hip external rotation
motion during a double-leg landing. However, the present study did not address the cause-
effect relationship between hip internal rotation and knee abduction and internal rotation.
Additional studies are needed to reveal whether landing instructions to avoid a large hip
external rotation motion could reduce knee abduction and internal rotation during a double-leg
landing. Although the relationship between the passive range of motion (ROM) and hip rotation
motion during a landing is unclear, a sufficient ROM to allow for hip internal rotation motion
would be important. Previous studies have also shown that patients with ACL tears have a
significantly smaller internal rotation ROM in the hip than control participants (Bedi et al.,
2016; Ellera Gomes et al., 2008; Tainaka et al., 2014). To control hip rotation motion during a
landing, muscular function would also be important. The hip external rotator strength is a
predictor of ACL injuries (Khayambashi et al., 2016), and hip targeted ACL injury prevention
programmes decreased ACL injury risk (LaBella et al., 2011; Omi et al., 2018; Waldén et al.,
2012). The eccentric contraction of the hip external rotators would be necessary for a controlled
hip internal rotation motion (Malloy et al., 2016). However, this study lacked information
regarding muscle strength and activation during landing. Hip internal rotators might also be
important to avoid a large hip external rotation motion during landing. Therefore, future studies
are needed to clarify the role of hip internal rotators and hip external rotators during a double-
leg landing. Hip flexion excursion was positively associated with the peak knee flexion angle
but negatively associated with the peak knee internal rotation angle in the present study.
Instructions to increase hip flexion motion during a landing might induce an increase in the

knee flexion motion and a decrease in the peak knee internal rotation angle. As used in previous
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studies, instruction to emphasise hip flexion motion during landing in jump-landing training
could be important to prevent ACL injury (LaBella et al., 2011; Omi et al., 2018; Pollard et al.,
2010).

There are some limitations that should be acknowledged. First, the association
between knee abduction motion and hip internal rotation motion in other tasks, such as single-
leg landing and jump-cutting tasks with a change in direction, might differ from the findings
reported in the present study investigating double-leg landing. The pelvis might rotate more on
the transverse plane in single-leg landing than double-leg landing. In addition, the hip rotation
motion would be larger during the movement of directional change after landing than during
the drop vertical jump task used in the present study. Additional studies should be conducted
to investigate this association in single-leg landing and jump-cutting tasks with a change in
direction. Second, whether an intervention to avoid hip external rotation motion reduces the
knee abduction and internal rotation angles during landing is unclear. Additional studies should
be conducted to investigate the effects of jump-landing training focusing on hip rotational
motions. Third, this study investigated only female participants. Therefore, the kinematic
relationships observed in the present study might not apply to male participants. Finally, the
effects of skin movement on frontal- and transverse-plane hip and knee joint motions should

be acknowledged. Skin artefacts might have impacted the results of the present study.

Conclusion

The present study examined the associations of the peak knee joint angles and knee joint
angular excursions with hip joint motions during a drop vertical jump. The multiple regression
analysis showed that a smaller hip internal rotation or a larger hip external rotation excursion
was associated with a larger peak knee abduction angle and a larger excursion to knee abduction

and knee internal rotation from IC to 50 ms after IC. In addition, a smaller hip flexion excursion

14



347  was associated with smaller peak knee flexion and a larger peak knee internal rotation angle.
348  Therefore, jump-landing training to avoid a large knee abduction and internal rotation motion
349  might be beneficial for avoiding a large hip external rotation, in addition to increasing hip
350  flexion motion during a double-leg landing.

351

15



352  Acknowledgments

3563  We thank American Journal Experts (https://www.aje.com/) for editing a draft of this
354  manuscript.

355

356  Disclosure statement

357  No potential conflicts of interest were reported by the author(s).

358

16



359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

References

Agel, J., Rockwood, T., & Klossner, D. (2016). Collegiate ACL Injury Rates Across 15 Sports:
National Collegiate Athletic Association Injury Surveillance System Data Update
(2004-2005 Through 2012-2013). Clinical Journal of Sport Medicine, 26(6), 518-523.
https://doi.org/10.1097/JSM.0000000000000290

Ardern, C. L., Taylor, N. F., Feller, J. A., & Webster, K. E. (2014). Fifty-five per cent return to
competitive sport following anterior cruciate ligament reconstruction surgery: an
updated systematic review and meta-analysis including aspects of physical functioning
and contextual factors. British Journal of Sports Medicine, 48(21), 1543-1552.
https://doi.org/10.1136/bjsports-2013-093398

Barber-Westin, S. D., & Noyes, F. R. (2011). Factors used to determine return to unrestricted
sports activities after anterior cruciate ligament reconstruction. Arthroscopy, 27(12),
1697-1705. https://doi.org/10.1016/j.arthro.2011.09.009

Bates, N. A., Ford, K. R., Myer, G. D., & Hewett, T. E. (2013). Kinetic and kinematic
differences between first and second landings of a drop vertical jump task: implications
for injury risk assessments. Clinical Biomechanics, 28(4), 459-466.
https://doi.org/10.1016/j.clinbiomech.2013.02.013

Bates, N. A., Schilaty, N. D., Nagelli, C. V., Krych, A. J., & Hewett, T. E. (2019). Multiplanar
Loading of the Knee and Its Influence on Anterior Cruciate Ligament and Medial
Collateral Ligament Strain During Simulated Landings and Noncontact Tears. The
American Journal of Sports Medicine, 47(8), 1844-1853.
https://doi.org/10.1177/0363546519850165

Beaulieu, M. L., Oh, Y. K., Bedi, A., Ashton-Miller, J. A., & Wojtys, E. M. (2014). Does limited
internal femoral rotation increase peak anterior cruciate ligament strain during a

simulated pivot landing? The American Journal of Sports Medicine, 42(12),2955-2963.

17



384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

https://doi.org/10.1177/0363546514549446

Beaulieu, M. L., Wojtys, E. M., & Ashton-Miller, J. A. (2015). Risk of Anterior Cruciate
Ligament Fatigue Failure Is Increased by Limited Internal Femoral Rotation During In
Vitro Repeated Pivot Landings. The American Journal of Sports Medicine, 43(9), 2233-
2241. https://doi.org/10.1177/0363546515589164

Bedi, A., Warren, R. F., Wojtys, E. M., Oh, Y. K., Ashton-Miller, J. A., Oltean, H., & Kelly, B.
T. (2016). Restriction in hip internal rotation is associated with an increased risk of ACL
injury. Knee surgery, sports traumatology, arthroscopy, 24(6), 2024-2031.
https://doi.org/10.1007/s00167-014-3299-4

Critchley, M. L., Davis, D. J., Keener, M. M., Layer, J. S., Wilson, M. A., Zhu, Q., & Dai, B.
(2020). The effects of mid-flight whole-body and trunk rotation on landing mechanics:
implications for anterior cruciate ligament injuries. Sports Biomechanics, 19(4), 421-
437. https://doi.org/10.1080/14763141.2019.1595704

de Leva, P. (1996). Adjustments to Zatsiorsky-Seluyanov's segment inertia parameters. Journal
of Biomechanics, 29(9), 1223-1230.

Delp, S. L., Loan, J. P., Hoy, M. G., Zajac, F. E., Topp, E. L., & Rosen, J. M. (1990). An
interactive graphics-based model of the lower extremity to study orthopaedic surgical
procedures. [EEE Transactions on Bio-Medical Engineering, 37(8), 757-767.
https://doi.org/10.1109/10.102791

Ellera Gomes, J. L., de Castro, J. V., & Becker, R. (2008). Decreased hip range of motion and
noncontact injuries of the anterior cruciate ligament. Arthroscopy, 24(9), 1034-1037.
https://doi.org/10.1016/j.arthro.2008.05.012

Ford, K. R., Myer, G. D., & Hewett, T. E. (2007). Reliability of landing 3D motion analysis:
implications for longitudinal analyses. Medicine and Science in Sports and Exercise,

39(11), 2021-2028. https://doi.org/10.1249/mss.0b013e318149332d

18



409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

Hewett, T. E., Ford, K. R., Hoogenboom, B. J., & Myer, G. D. (2010). Understanding and
preventing ACL injuries: current biomechanical and epidemiologic considerations -
update 2010. North American Journal of Sports Physical Therapy, 5(4), 234-251.

Hewett, T. E., Myer, G. D., Ford, K. R., Heidt, R. S., Colosimo, A. J., McLean, S. G., van den
Bogert, A. J., Paterno, M. V., & Succop, P. (2005). Biomechanical measures of
neuromuscular control and valgus loading of the knee predict anterior cruciate ligament
injury risk in female athletes: a prospective study. The American Journal of Sports
Medicine, 33(4), 492-501. https://doi.org/10.1177/0363546504269591

Hogg, J. A., Schmitz, R. J., & Shultz, S. J. (2019). The Influence of Hip Structure on Functional
Valgus Collapse During a Single-Leg Forward Landing in Females. Journal of Applied
Biomechanics, 35(6), 370-376. https://doi.org/10.1123/jab.2019-0069

Howard, J. S., Fazio, M. A., Mattacola, C. G., Uhl, T. L., & Jacobs, C. A. (2011). Structure,
sex, and strength and knee and hip kinematics during landing. Journal of Athletic
Training, 46(4), 376-385.

Ishida, T., Koshino, Y., Yamanaka, M., Ueno, R., Taniguchi, S., Samukawa, M., Saito, H.,
Matsumoto, H., Aoki, Y., & Tohyama, H. (2018). The effects of a subsequent jump on
the knee abduction angle during the early landing phase. BMC Musculoskeletal
Disorders, 19(1), 379. https://doi.org/10.1186/s12891-018-2291-4

Ishida, T., Yamanaka, M., Takeda, N., & Aoki, Y. (2014). Knee rotation associated with
dynamic knee valgus and toe direction. The Knee, 2I1(2), 563-566.
https://doi.org/10.1016/j.knee.2012.12.002

Ishida, T., Yamanaka, M., Takeda, N., Homan, K., Koshino, Y., Kobayashi, T., Matsumoto, H.,
& Aoki, Y. (2015). The effect of changing toe direction on knee kinematics during drop
vertical jump: a possible risk factor for anterior cruciate ligament injury. Knee surgery,

sports traumatology, arthroscopy, 23(4), 1004-1009. https://doi.org/10.1007/s00167-

19



434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

013-2815-2

Khayambashi, K., Ghoddosi, N., Straub, R. K., & Powers, C. M. (2016). Hip Muscle Strength
Predicts Noncontact Anterior Cruciate Ligament Injury in Male and Female Athletes:
A Prospective Study. The American Journal of Sports Medicine, 44(2), 355-361.
https://doi.org/10.1177/0363546515616237

Kiapour, A. M., Demetropoulos, C. K., Kiapour, A., Quatman, C. E., Wordeman, S. C., Goel,
V. K., & Hewett, T. E. (2016). Strain Response of the Anterior Cruciate Ligament to
Uniplanar and Multiplanar Loads During Simulated Landings: Implications for Injury
Mechanism. The American Journal of Sports Medicine, 44(8), 2087-2096.
https://doi.org/10.1177/0363546516640499

Koga, H., Nakamae, A., Shima, Y., Bahr, R., & Krosshaug, T. (2018). Hip and Ankle
Kinematics in Noncontact Anterior Cruciate Ligament Injury Situations: Video
Analysis Using Model-Based Image Matching. The American Journal of Sports
Medicine, 46(2), 333-340. https://doi.org/10.1177/0363546517732750

Koga, H., Nakamae, A., Shima, Y., Iwasa, J., Myklebust, G., Engebretsen, L., Bahr, R., &
Krosshaug, T. (2010). Mechanisms for noncontact anterior cruciate ligament injuries:
knee joint kinematics in 10 injury situations from female team handball and basketball.
The  American  Journal  of  Sports  Medicine, 38(11),  2218-2225.
https://doi.org/10.1177/0363546510373570

LaBella, C. R., Huxford, M. R., Grissom, J., Kim, K.-Y., Peng, J., & Christoffel, K. K. (2011).
Effect of neuromuscular warm-up on injuries in female soccer and basketball athletes
in urban public high schools: cluster randomized controlled trial. Archives of Pediatrics
and Adolescent Medicine, 165(11), 1033-1040.
https://doi.org/10.1001/archpediatrics.2011.168

Leppinen, M., Pasanen, K., Kujala, U. M., Vasankari, T., Kannus, P., Ayrimé, S., Krosshaug,

20



459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

T., Bahr, R., Avela, J., Perttunen, J., & Parkkari, J. (2017). Stiff Landings Are
Associated With Increased ACL Injury Risk in Young Female Basketball and Floorball
Players. The American Journal of Sports Medicine, 45(2), 386-393.
https://doi.org/10.1177/0363546516665810

Malloy, P., Morgan, A., Meinerz, C., Geiser, C., & Kipp, K. (2015). The association of
dorsiflexion flexibility on knee kinematics and kinetics during a drop vertical jump in
healthy female athletes. Knee surgery, sports traumatology, arthroscopy, 23(12), 3550-
3555. https://doi.org/10.1007/s00167-014-3222-z

Malloy, P., Morgan, A. M., Meinerz, C. M., Geiser, C. F., & Kipp, K. (2016). Hip External
Rotator Strength Is Associated With Better Dynamic Control of the Lower Extremity
During Landing Tasks. Journal of Strength and Conditioning Research, 30(1), 282-291.
https://doi.org/10.1519/JSC.0000000000001069

Markolf, K. L., Burchfield, D. M., Shapiro, M. M., Shepard, M. F., Finerman, G. A., &
Slauterbeck, J. L. (1995). Combined knee loading states that generate high anterior
cruciate ligament forces. Journal of Orthopaedic Research, 13(6), 930-935.
https://doi.org/10.1002/j0r.1100130618

Matsumoto, H. (1990). Mechanism of the pivot shift. The Journal of Bone and Joint Surgery.
British Volume, 72(5), 816-821.

Navacchia, A., Bates, N. A., Schilaty, N. D., Krych, A. J., & Hewett, T. E. (2019). Knee
Abduction and Internal Rotation Moments Increase ACL Force During Landing
Through the Posterior Slope of the Tibia. Journal of Orthopaedic Research, 37(8),
1730-1742. https://doi.org/10.1002/jor.24313

Nguyen, A.-D., Shultz, S. J., & Schmitz, R. J. (2015). Landing Biomechanics in Participants
With Different Static Lower Extremity Alignment Profiles. Journal of Athletic Training.

https://doi.org/10.4085/1062-6050-49.6.03

21



484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

Olson, T. J., Chebny, C., Willson, J. D., Kernozek, T. W., & Straker, J. S. (2011). Comparison

of 2D and 3D kinematic changes during a single leg step down following
neuromuscular  training.  Physical  Therapy in  Sport, 12(2), 93-99.

https://doi.org/10.1016/}.ptsp.2010.10.002

Omi, Y., Sugimoto, D., Kuriyama, S., Kurihara, T., Miyamoto, K., Yun, S., Kawashima, T., &

Hirose, N. (2018). Effect of Hip-Focused Injury Prevention Training for Anterior
Cruciate Ligament Injury Reduction in Female Basketball Players: A 12-Year
Prospective Intervention Study. The American Journal of Sports Medicine, 46(4), 852-

861. https://doi.org/10.1177/0363546517749474

Paterno, M. V., Huang, B., Thomas, S., Hewett, T. E., & Schmitt, L. C. (2017). Clinical Factors

That Predict a Second ACL Injury After ACL Reconstruction and Return to Sport:
Preliminary Development of a Clinical Decision Algorithm. Orthopaedic Journal of
Sports Medicine, 5(12), 2325967117745279.

https://doi1.org/10.1177/2325967117745279

Paterno, M. V., Schmitt, L. C., Ford, K. R., Rauh, M. J., Myer, G. D., Huang, B., & Hewett, T.

E. (2010). Biomechanical Measures During Landing and Postural Stability Predict
Second Anterior Cruciate Ligament Injury After Anterior Cruciate Ligament
Reconstruction and Return to Sport. The American Journal of Sports Medicine, 38(10),

1968-1978. https://doi.org/10.1177/0363546510376053

Pollard, C. D., Sigward, S. M., & Powers, C. M. (2010). Limited hip and knee flexion during

landing is associated with increased frontal plane knee motion and moments. Clinical

Biomechanics, 25(2), 142-146. https://doi.org/10.1016/j.clinbiomech.2009.10.005

Shimokochi, Y., & Shultz, S. J. (2008). Mechanisms of noncontact anterior cruciate ligament

injury. Journal of Athletic Training, 43(4), 396-408.

Tainaka, K., Takizawa, T., Kobayashi, H., & Umimura, M. (2014). Limited hip rotation and

22



509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

non-contact anterior cruciate ligament injury: a case-control study. The Knee, 21(1), 86-
90. https://doi.org/10.1016/j.knee.2013.07.006

Ueno, R., Navacchia, A., Bates, N. A., Schilaty, N. D., Krych, A. J., & Hewett, T. E. (2020).
Analysis of Internal Knee Forces Allows for the Prediction of Rupture Events in a
Clinically Relevant Model of Anterior Cruciate Ligament Injuries. Orthopaedic
Journal of Sports Medicine, 8(1), 2325967119893758.
https://doi.org/10.1177/2325967119893758

Ueno, R., Navacchia, A., DiCesare, C. A., Ford, K. R., Myer, G. D., Ishida, T., Tohyama, H.,
& Hewett, T. E. (2020). Knee abduction moment is predicted by lower gluteus medius
force and larger vertical and lateral ground reaction forces during drop vertical jump in
female athletes. Journal of Biomechanics, 103, 109669.
https://doi.org/10.1016/j.jbiomech.2020.109669

Waldén, M., Atroshi, 1., Magnusson, H., Wagner, P., & Higglund, M. (2012). Prevention of
acute knee injuries in adolescent female football players: cluster randomised controlled
trial. BMJ, 344, €3042. https://doi.org/10.1136/bmj.e3042

Wiggins, A. J., Grandhi, R. K., Schneider, D. K., Stanfield, D., Webster, K. E., & Myer, G. D.
(2016). Risk of Secondary Injury in Younger Athletes After Anterior Cruciate Ligament
Reconstruction: A Systematic Review and Meta-analysis. The American Journal of

Sports Medicine, 44(7), 1861-1876. https://doi.org/10.1177/0363546515621554

23



1 Table 1 Multiple regression models to determine the associations of the peak knee joint angles

2 with hip and knee joint angle excursions and moments

Partial correlation b P

Peak knee flexion angle (°)

Hip flexion excursion (°) ? 0.760 0.714 <0.001

Peak vertical ground reaction force (Nm/kg) ° -0.362 -0.237 0.006
Peak knee abduction angle (°)

Knee internal rotation excursion (°)*? -0.534 -0.488 <0.001

Hip internal rotation excursion (°) ? -0.539 -0.475 <0.001

Peak knee abduction moment (Nm/kg/m)© 0.286 0.221 0.035
Peak knee internal rotation angle (°)

Hip flexion excursion (°) ? -0.421 -0.434 0.001

Peak hip adduction moment (Nm/kg/m)© -0.272 -0.264 0.043

3 Model for the peak knee flexion angle: R* = 0.636, P < 0.001; Model for the peak knee
4 abduction angle: R? = 0.465, P < 0.001; Model for the peak internal rotation angle: R> = 0.194,
5 P=0.003

6  “excursion from initial contact (IC) to peak knee flexion

7 Pnormalised to body mass

8  ‘normalised to body mass and height



10  Table 2 Multiple regression models to determine the associations of the knee joint excursions

11 during the 50 ms after initial contact with hip and knee joint angle excursions and moments

Partial correlation b P

Knee flexion excursion (°)?

Hip flexion excursion (°) ? 0.798 0.794 <0.001

Peak knee abduction moment (Nm/kg/m) ® -0.272 -0.170 0.042
Knee abduction excursion (°)*?

Hip internal rotation excursion (°)? -0.452 -0.466 0.001

Peak knee abduction moment (Nm/kg/m)® 0.281 0.253 0.037

Knee internal rotation excursion (°)*? -0.276 -0.268 0.042
Knee internal rotation excursion (°)*?

Hip internal rotation excursion (°)? -0.544 -0.513 <0.001

Knee abduction excursion (°) ? -0.284 -0.297 0.027

Peak knee flexion moment (Nm/kg/m)® 0.263 0.292 0.031

12 Model for the knee flexion excursion: R?> = 0.641, P < 0.001; Model for the knee abduction

13 excursion: R =0.292, P <0.001; Model for the knee rotation excursion: R? = 0.302, P < 0.001

14  ‘?excursion from initial contact (IC) to 50 ms after IC

15  Pnormalised to body mass and height



Figure captions

Fig. 1 Average curves of the knee flexion (A), knee abduction (B), knee internal rotation (C),
hip flexion (D), hip adduction (E) and hip internal rotation (F) angles. Positive values indicate
knee flexion, abduction and internal rotation; and hip flexion, adduction and internal rotation.
Error bars indicate = one standard deviation. The landing phase from initial contact to peak

knee flexion was normalised to 101 data points.



Fig. 2 The two pattens of hip rotation motion. Twenty-five participants demonstrated hip
internal rotation motion (solid black line), while 32 participants demonstrated hip external
rotation motion (grey dashed line). Error bars indicate & one standard deviation. The landing

phase from initial contact to peak knee flexion was normalised to 101 data points.



Fig. 3 The associations between the peak knee abduction angle and the hip internal rotation
excursion from initial contact (IC) to peak knee flexion (A) and the association between the
peak knee internal rotation angle and the hip flexion excursion from IC to peak knee flexion
(B). The positive values indicate knee abduction, knee internal rotation, hip internal rotation,

and hip flexion.



Fig. 4 The associations of between knee abduction and hip internal rotation excursions (A) and
between knee internal rotation and hip internal rotation excursions (B) from initial contact (IC)
to 50 ms after IC. The positive values indicate knee abduction, knee internal rotation and hip

internal rotation.



Fig. 5 Schematic of the hypothesis about the association between knee abduction motion and
hip rotation motion during a landing. When the medial tilt of the tibia occurs with hip internal
rotation at the knee flexed position, the motion directions of both the tibia and femur would
face in the same direction. Thus, the knee abduction motion might be diminished (A). When
the medial tilt of tibia occurs with hip external rotation at the knee flexed position, the femur
faces in the opposite direction to the medial tilt of the tibia. Thus, the knee abduction motion

might be increased (B).
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Fig.5

Hip internal rotation Hip external rotation

Knee abduction Knee abduction

Tibial medial tilt Tibial medial tilt
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